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ABSTRACT  
This thesis investigates the technical and economic feasibility, as well as emissions related 
benefits, of incorporating energy recovery systems (ERSs) on board mine haul trucks (MHTs) 
used in surface mining. More specifically it aims to answer the research question: “What 
practical combination of hybrid drive topology, and energy storage technology, capacity and 
use on board mine haul trucks, will maximise the economic benefit of energy recovery and 
re-use, considering variation in haul route characteristics and the time value of money 
through the life of a surface mining project?” 
To answer this question, a simulation program was developed and progressively expanded to 
conduct each of four main stages of the research. In Stage One, the simulation program was 
used to determine the potential of various technologies to reduce the fuel consumption per tonne 
mined for each of a range of pit depths. Appropriately informing the simulation program 
required identifying and quantifying representative input values for truck, haul route, and ERS 
characteristics. Truck and haul route characteristics determine the energy recovery rate and 
amount of energy recoverable to the trucks’ DC-links. ERS characteristics enable evaluating 
the potential and practical implications of each ERS technology to capture this recovered 
energy. ERS technologies considered include ultra-capacitors, lithium-ion capacitors, chemical 
batteries, and electro-mechanical flywheels (EMFWs).  
In Stage Two, the simulation program was expanded to incorporate cost models for the various 
haulage cost elements including: truck; fuel; labour, maintenance and repair; tyre; driver; and 
ERS costs. This enabled evaluating the haul cost reduction potential for different system sizes 
of each of the technologies, for truck elevation changes ranging between 15 and 600 m. Two 
energy re-injection strategies (a fuel replacement (FR) strategy, and an engine power 
augmentation (PA) strategy), were considered. EMFWs and fast charging lithium iron 
phosphate (LiFePO4 or LFP) batteries using the PA strategy, shows the greatest potential to 
enable practical haul cost reductions. However, practical mining may not always allow using 
the PA strategy. If so, the FR strategy should provide a minimum level of benefit primarily 
achieved through fuel savings.  
Recoverable potential energy changes as a function of vertical lift, larger ERSs may be needed 
to capture the increased amount of energy available from greater ramp descents. However, 
larger systems have a greater impact on payload, and cost more. In the context of a mining 
project spanning several years, technology selection and system sizing are complicated by 
operational demands changing over time and by economic factors such as inflation, 
depreciation and the timing of capital and operational expenses.  
To explore the life of mine impact of ERSs in Stage Three, two block models were generated 
to define two hypothetical mining projects in terms of material quantities, depth, timing and 
project duration. The modified simulation program used input from the block models to define 
the haul routes required at different stages of each project, in order to determine annual trucking 
requirements, fuel consumption and amount of energy stored. Incorporating the timing of 
acquisitions and expenses with appropriate economic factors, the simulation program can 
determine - for each combination of technology, energy re-injection strategy, and ERS size - 
the net present haulage cost (NPHC) for each project. For the mine reaching a maximum 600 m 
depth, using 257 t empty vehicle mass trucks, EMFW results are better for the first 10 to 14 
years, depending on the ERS mass considered. However, an LFP system mass of about 6300 kg 
is anticipated to provide the best NPHC reductions of 1.4% and 6.2% respectively for the FR 
and PA strategy. For the maximum 240 m depth mine, using 141 t empty vehicle mass trucks, 
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an EMFW system mass of about 3000 kg is expected to achieve the best NPHC reductions of 
2.5% (FR strategy) and 5.5% (PA strategy).  
The primary task in Stage Four was to assess NPHC sensitivity to variations in system 
parameters. The two mining projects considered previously were used as baselines, each with 
the most promising combination of technology and system mass. Having considered an 
extensive range of parameters including ramp grade, rolling resistance, recovery efficiency, 
storage system efficiency, and all cost elements, the study highlighted energy recovery 
efficiency, storage system return efficiency, fuel cost and ERS cost as some of the more 
important parameters to the success of ERSs. 
The thesis results strongly suggest that on-board ERSs could enable a meaningful reduction in 
fuel consumption and CO2 emissions, and improvements in productivity resulting in significant 
NPHC reductions. The extent of benefit achievable will depend heavily on the extent to which 
the PA energy re-injection strategy could be used in practice. As the cost of fuel increases, the 
cost of energy storage technologies continues to reduce, and the technologies advance 
especially in terms of mass required and cycle life, the economic and environmental benefit 
enabled through ERSs is only expected to increase. 
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1 INTRODUCTION  
1.1  Background 
Mine haul trucks (MHTs) dissipate a significant amount of potential energy through their 
braking systems every time they descend into a mine pit. Once loaded, they then use a large 
amount of fuel to regain this potential energy on the ascent. Siemens (2009) states that as much 
as 80% of the fuel consumed in haul operations is used on the ramp ascent. For an ultra-class 
truck with about 250t empty vehicle mass (EVM) and 320t payload, more than 40% of this fuel 
is used just to return the mass of the vehicle to the top of the ramp. If some of the energy lost 
during descent could be used to assist in returning the truck to the mine crest, it may have a 
highly desirable impact on the fuel consumed in mine haul operations as well as potentially 
reducing the emission of greenhouse gases. These benefits would especially be welcomed at a 
time of reduced commodity prices, increasing cost of fuel, and with growing public awareness 
of the detrimental impact of CO2 and equivalent emissions on the environment. The use of 
energy recovery systems (ERSs) in the drive systems of vehicles and industrial equipment has 
grown dramatically in recent years, and can now be found in many applications including cars 
(Millikin, 2007), cranes (M. M. Flynn, McMullen, & Solis, 2008), excavators (Morey, 2013), 
shovels (Maxwell Technologies, 2013), buses (Kendall, 2015; Torotrak Flybrid, n.d.) trains 
(Crosse, 2009; Shirres, 2014; Wheals et al., 2015), and locomotives (Toshiba Infrastructure 
Systems & Solutions Corporation, 2018).  
Although there has been interest in the development of mine trucks using ERSs, as evidenced 
by the public domain literature including patent applications from several mine truck and mine 
truck drive system manufacturers (Huber, 2013; Huber, Ruth, Bailey, & Hendrickson, 2013; 
King, Salasoo, Kumar, & Young, 2006; King, Song, Salasoo, & Kumar, 2007; Mazumdar, 
2013; Mazumdar & Köllner, 2013; Salasoo et al., 2005) and progress reports on prototype 
development done by General Electric (Richter, 2006, 2007; Salasoo, 2004), none of the work 
has proceeded to market. There is no reported reason why development has not proceeded to 
market other than a statement in Richter (2007) that battery charge rate limitations were 
encountered during prototype tests. There is a need to understand the challenges, limitations 
and potential with respect to technical and economic feasibility, as well as ERSs’ potential to 
reduce harmful emissions of haul operations. This thesis investigates the technical and 
economic feasibility, as well as emissions related benefits, of incorporating ERSs on board 
MHTs. 
Using an ERS system on board an MHT would mean a departure from a conventional 
mechanical or a diesel-electric drive system to a more complex hybrid drive system. This thesis 
specifically considers using energy regeneration on board diesel-electric mine haul trucks 
(DEMHTs), where the ERS would be connected to the truck’s DC-link (DC-bus). This 
configuration is selected as it is more flexible and less invasive than interfacing an ERS to a 
mechanical drivetrain and should allow for a shorter time to market. Identifying the optimal 
hybrid drive configuration, component selection and sizing, and control strategy is a 
challenging task that is inextricably linked to the specific application and usage profile of the 
vehicle or equipment (Silvas, Hofman, & Steinbuch, 2012). For hybrid cars, buses and other on 
road vehicle applications several standardised drive cycles exist and these are typically used to 
assess fuel consumption and emissions figures to compare different configurations, components 
and energy use strategies (Barsali, Miulli, & Possenti, 2004; Guzzella & Sciarretta, 2013; Ott, 
Onder, & Guzzella, 2013). However, in open pit mining, the haul cycle, which is equivalent to 
a drive cycle, can vary significantly between mines and over the life of a mine (Wetherelt & 
van der Wielen, 2011). Coal mines are generally shallower (about 30 to 200 m) while 
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metalliferous mines can reach down to 1200 m (Mining Technology, 2013). The depth changes 
associated with mining progress, lead to significant changes in haul cycles and substantial 
fluctuations in the amount of recoverable potential energy per cycle. The greater amounts of 
energy recoverable from deep descents necessitate larger, heavier and more expensive ERSs. 
However, adding any mass to a mine haul truck invariably sacrifices an equal amount in 
payload. The required trade-off between truck payload and ERS power and storage capacity 
presents challenges for technology selection and sizing of an ERS for DEMHTs.  
ERS sizing is further complicated by the amount of material available at various depths with 
the larger amount of material typically mined from shallower depths. The amount of material 
available predetermines the number of haul cycles to a particular depth, while the depth 
determines the amount of recoverable energy per cycle. Maximising the ERSs’ economic 
impact would further be influenced by the timing and extent of direct costs of the ERSs, the 
extent to which they would influence the timing of new truck acquisition and the level of 
activity such as the year in which the most fuel is used. 
The presence of an ERS would, in addition to energy regeneration, allow different energy use 
strategies that could be tailored to improve fuel consumption, productivity or both. The most 
beneficial strategy needs to be identified in the context of all the competing factors while 
considering practical limitations of the system and the mining operation. 
1.2  Research Question and Objectives  
This research aims to answer several underlying questions, but the ultimate question is:  
“What practical combination of hybrid drive topology, and energy storage technology, 
capacity and use on board mine haul trucks, will maximise the economic benefit of energy 
recovery and re-use, considering variation in haul route characteristics and the time value 
of money through the life of a surface mining project?” 
To find an answer to the overarching research question four objectives were identified and 
systematically addressed. The objectives were: 
• Objective 1 – Determine whether an ERS can be integrated on board a diesel-electric mine 
haul truck and whether state-of-the-art energy storage (ES) technologies could be used to 
realise a fuel consumption reduction in a surface mining environment.  
• Objective 2 – Determine whether the use of an ERS has the potential to reduce overall 
haul cost per tonne mined at individual bench depths. Evaluate potential of modular design 
of ERS to improve haul cost reduction or improve application range. 
• Objective 3 – Identify the ERS technology, size and use strategy that would minimise the 
net present cost (NPC) of haul operations for one or more predefined mining projects. 
• Objective 4 – Assess the robustness of envisaged solution(s).  
1.3  Thesis Structure and Contribution 
Following the Introduction in Chapter 1 and Literature review in Chapter 2, Chapter 3 
addresses two main themes. The first part characterises how much of the truck’s potential and 
kinetic energy would become available for recovery at the DC-link. The second part 
investigates available ES technologies and evaluates their compatibility to the requirements of 
DEMHT. Chapter 3 culminates in an evaluation and comparison of the potential of various 
technologies to reduce fuel consumption per tonne mined despite the ERS’s impact on payload. 
This evaluation is done using a purpose developed simulation program founded on the approach 
to modelling of linear vehicle dynamics and propulsion systems from Guzzella and Sciarretta 
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(2013). Their approach was adapted to incorporate suitable models of the mine haul truck and 
ERS characteristics to simulate the truck dynamic behaviour and the energy flow anticipated to 
occur in a mine truck and an on-board ERS. To evaluate fuel consumption reduction the energy 
re-injection strategy (that is the way in which the recovered energy would be used) was to use 
recovered energy in lieu of engine power (this could also be referred to as a fuel replacement 
strategy). The results of an initial evaluation of ERS payback time is also presented in 
Chapter 3.  
The work done to address the second objective (to determine ERS’s potential to reduce unit 
haul cost at individual pit depths… and evaluate potential of modular design of ERS) is covered 
in Chapter 4. As such, it describes the changes made to the simulation program developed in 
Chapter 3 to capture all economically significant haul cost expenses (in addition to fuel cost). 
The overall cost reduction expected for four ERS technologies is shown for different ERS sizes 
and depths using contour plot. These plots are shown to be effective tools for comparing the 
different technologies for different operations.  
The life of mine analyses in Chapter 5 and Chapter 6 (addressing Objective 3 to ‘Identify the 
ERS technology, size and use strategy that would minimise the net present cost (NPC) of haul 
operations for one or more predefined mining projects.’) is respectively based on a block model 
generated for a metalliferous mining project spanning nearly 20 years and a block model for a 
shallower mine, representing a deep coal or shallower metalliferous mining project, spanning 
only 15 years. The block models provide information for the definition of haul cycles and 
material quantities and distribution as these parameters change over the course of the mining 
project, as well as annual mining rate targets. For the analysis in these chapters the basic haul 
cycle definition was changed to include a second ramp for waste cycles to provide for hauling 
waste onto a waste dump. These chapters report on the combination of technology, ERS size 
(based on system mass) and usage strategy expected to provide the greatest haul cost reduction 
for each of the mining scenarios, as well as the extent to which haul cost is expected to be 
reduced. In each case financial parameters such as timing of expenses, inflation, interest and 
discount rate are appropriately incorporated. 
Chapter 7 investigates the sensitivity of the results to changes in several project relevant 
parameters and highlights those that have the greatest influence on the ERS’s ability to reduce 
haul costs. These parameters would justify or even necessitate close attention during design and 
operation or could, in the worst case, preclude the beneficial use of ERS.  
Chapter 8 concludes the thesis and discusses future avenues for research and development.  
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2 LITERATURE REVIEW  
No evidence could be found of energy regeneration technology used in commercially available 
open pit mine haul trucks. Available literature also shows little evidence of attention given to 
potential efficiency improvements of the open pit mining haul process through energy recovery 
and re-use on board haul trucks. Considering the success of energy regeneration systems used 
elsewhere in industry, this raises several questions; 
• What are the likely reasons for such technology not being used on commercially 
available trucks?  
• Is the amount of energy dispelled not practically recoverable? If it is recoverable,  
• Can available energy storage technology, successfully used elsewhere, not satisfy the 
specific requirements of open pit mining?  
• Are solutions based on existing technology and able to capture the recovered energy 
at the rate required simply too heavy? 
• Is the variation in pit depth unmanageable using existing technology? 
• Is energy recovery and re-use simply not economically viable?  
• Are there situations where energy regeneration could be used beneficially, and 
• What are the technological and economic requirements that would make it technically 
and economically viable?   
None of these questions can be answered satisfactorily from available literature.  
Two approaches for energy recovery for mine haul trucks have been considered in the literature: 
internal energy recovery systems, incorporated on board the truck, and external energy recovery 
via overhead power lines. The first approach (to use an on-board ‘Energy Capture and Storage 
System’ (King et al., 2006)) was explored by General Electric (GE) (Salasoo, 2004) as part of 
a US Department of Energy supported project with assistance from the haul truck original 
equipment manufacturer (OEM) Komatsu. This approach is in principle the same as used on 
board certain hybrid electric vehicles (HEV’s) and was also the approach considered in the 
research of Esfahanian (2014). The second is an approach for which patents were raised by 
Siemens (Mazumdar & Köllner, 2013) and Caterpillar (Huber et al., 2013) and would involve 
the use of trolley-based systems.  
2.1  Trolley-based Energy Recovery for DEMHT 
In certain mines, DEMHT's connect to overhead power lines and use electric power generated 
by a power station, to haul the trucks and their loads out of the pit. These systems also called 
trolley-assist systems are used to improve productivity, and reduce energy costs and engine 
wear (Thorum, 2011). The externally sourced power can be used to supplement or replace 
engine sourced power. The power rating of the trucks’ in-wheel motor-generators is typically 
50% or more higher than the maximum power output available from the on-board diesel 
generator set (Robertson, 2015) allowing the greater amount of power available from the 
overhead lines to increase ramp ascent speeds and reduce cycle time. Trolley assist systems are 
typically only used on the loaded ascents, but the use of a second paralleled overhead line could 
provide a way of recovering energy from descending trucks and using it to provide some of the 
power of ascending trucks.  
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In 2013 Siemens was granted US Patent US008550007B2 “System and Method for Reinjection 
of Retard Energy in a Trolley-Based Electric Mining Haul Truck” (Mazumdar & Köllner, 2013) 
providing amongst other things for the capture, on-board storage, and re-use of recouped 
energy. The patent only covers the elements in conceptual terms and describes envisaged energy 
flow routes. It highlights the potential benefits of recovering retard energy but makes no direct 
reference to the challenges anticipated with such application. As the name implies, the 
implementation envisaged use with a trolley system, although part of the concept makes 
provision for the use of on-board storage. The options of using ultra-capacitors or batteries are 
mentioned. The fact that the application is envisaged in the context of a trolley system may be 
an indication of a search for an alternative that avoids the mass of a system large enough to 
capture all the truck’s potential energy or powerful enough to capture it at the required rate. If 
so, the gravity of the problem is not mentioned or discussed.  
Caterpillar was issued US patent US008505464B2 (Huber et al., 2013). This patent primarily 
makes provision for the control of energy flows as part of the recovery and re-use of potential 
energy in mining trucks. Although it addresses an attempt at recovery of the energy it does not 
envisage storage of the energy on board the trucks. As for the Siemens patent (Mazumdar & 
Köllner, 2013), part of the implementation is envisaged as a localised grid of two parallel 
interconnected trolley lines. One line would be for harvesting energy from trucks driving 
downhill, and the other to enable re-injection of energy for trucks driving uphill.  
(a) (b) 
   
Figure 2.1 Concepts for using trolley systems to recover and re-use potential energy of 
descending trucks from (a) Siemens (Mazumdar & Köllner, 2013)1, and, (b) Caterpillar 
(Huber et al., 2013)  
Although the trolley-based recovery system concepts have some merit, such arrangements will 
essentially double the already substantial cost of installing the overhead trolley lines (estimated 
as costing more than AU$3000 per metre including repositioning allowances (Thorum, 2011, 
p16). The systems’ use also has significant implications with respect to balancing the energy 
flows between trucks ‘adding to’ and trucks ‘drawing from’ the localised grid. Due to the 
difference in empty down-ramp and loaded up-ramp speeds the time to descent is typically 
close to 1/3 of the time to ascend the ramp. This means that, without a suitable storage system, 
a truck on the down ramp can only “boost” a truck on the up-ramp for a short part of the ascent. 
A strategy for synchronising of trucks ascending and descending to maintain some balance and 
                                                 
1 Although not shown here, the Siemens patent contemplates some storage in batteries or ultra-capacitors either 
on-board or stationary and connected to the localised grid. 
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obtain maximum recovery benefit from such a system seems inevitable. Sufficient storage 
connected to the grid or an on-board ES system able to store the energy when available and to 
release it as and when required should be able to alleviate this problem. The Caterpillar patent 
application does not address the challenges of implementation to any significant extent.  
Despite patents having been raised in relation to trolley-based energy recovery for DEMHTs, 
there is no evidence in the public domain reflecting on such technology being prepared for the 
market. Although using trolley-based energy recovery would enable keeping the greatest part 
of the recovery system mass off the truck, the mass of the pantograph as well as the required 
electrical equipment will have to be added. If the trolley lines form part of a larger grid some 
of the recovered energy may be directly used to supply trucks ascending or other electrical 
equipment on the grid thereby reducing or even eliminating the need for storage.  
If storage is deemed necessary, it should be possible to install most, if not all of it, as one or 
more stationary ‘off-board’ installations connected to the trolley lines. In such an arrangement 
the storage system’s mass and thus its specific energy would not be an important design driver. 
If an electro-mechanical flywheel (EMFW) based ERS (discussed in greater detail in 
Section 2.3.2) is used, the gyroscopic forces would also not be a significant issue and designs 
obviating the need for a gimbal should be easy to implement. The use of safety enclosures, able 
to contain potential failures, would also be much simpler to incorporate in the design. The 
designs used by Beacon Power (2014b) in stationary energy storage systems use installations 
below ground level in concrete enclosures for this purpose.  
Although there are several potential advantages to the use of energy storage with trolley 
systems, there are several aspects that would oppose and even negate this potential. In-spite of 
the advantages associated with trolley systems (Thorum, 2011) mine engineers are reluctant to 
use them for a number of reasons. Some of the reasons are their cost, the fact that they restrict 
the design and relocation of haul ramps, and the need to maintain smooth haul routes and tight 
tolerances between haul road surface and overhead lines. It seems reasonable to expect that 
adding an additional trolley line for the descending trucks may be more readily accepted and 
implemented at sites where trolley systems are already in use and much of the infrastructure 
already exists.  
On sites where trolley-assist is used, the production rate per truck would already be near or at 
its limit. Using the limited amount of recovered energy would not be able to increase 
productivity beyond that already enabled through the trolley-assist system. The additional 
complexity of the recovery system may in practice impede availability and hamper productivity. 
If low cost energy is used to power the trolley system, the potential of recovered energy to 
reduce haul costs by reducing energy costs would by implication also be lower.  
The scenario reflected in the Siemens sketch included as Fig. 2.1(a) shows the loaded trucks as 
descending the ramp and ascending empty. If used with a loaded descent the amount of energy 
and the rate at which it would be returning to the DC-link would be exceptionally high. If an 
ERS with suitable power rating is to be used on board it would have to be very heavy. In such 
situations the amount of energy released from the descending loaded truck may be of similar 
magnitude as the energy required to return the empty truck to the ramp crest and the ascent and 
descent speeds may be more closely matched. Using trolley-system enabled energy recovery 
with a suitable stationary energy storage system may be justified.  
Without proper evaluation of the whole system incorporating all aspects such as production 
rates, energy cost, system cost and trolley system on-board mass, it is difficult to quantify the 
advantage of energy recovery using a trolley-based system. However, considering the required 
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doubling up of infrastructure, the recovered energy’s inability to improve productivity beyond 
that provided by the trolley assisted system, the lower value of recovered energy and challenges 
in matching the supply and demand of recoverable energy if storage is not used, it is unlikely 
to provide a worthwhile cost advantage in typical surface mining applications.  
2.2  Hybrid Electric Vehicle Drive System Topology, ES Technologies  and 
Application 
Hutchinson, Burgess, and Herrmann (2014) and Tie and Tan (2013) show that many different 
hybrid drive system topologies (or configurations) are used in vehicle applications. Ehsani, 
Gao, and Miller (2007) classifies possible topologies into three main categories namely series 
hybrid (Fig. 2.2), parallel hybrid (Fig. 2.3) and series-parallel hybrid. The primary distinction 
between series and parallel drive systems is made based on the mechanical link to the final 
drive or transmission. For the series topology the components supplying electrical power are 
actually connected in parallel. 
 
Hybrid drive system designers can choose from a range of mobile energy storage technologies 
including ultra-capacitors, several chemical battery types and flywheel technologies. The 
requirements of different applications result in different solutions being chosen. Table 2.1 
shows several examples of hybrid applications with the associated topology and the chosen ES 
technology.  
For vehicular applications the motivation for using a hybrid drive system is typically for 
economic and environmental reasons (much of this achieved through saving fuel) and often 
include one or more of the four hybrid enabled possibilities listed by Sciarretta and Guzzella 
(2007). These are: 
• the ability to recover and re-use kinetic energy which would have been lost otherwise,  
• avoiding low efficiency operating points of the internal combustion engine,  
• the ability to shut down the engine when the electric motor can do the required work, and  
• allow smaller engines when the electric motor is used to drive the vehicle in parallel with 
the internal combustion engine (ICE). 
The motivation for the use of hybrid technology on Komatsu’s Joy 18LHD and 22LHD load 
haul dump trucks (LHD’s) includes productivity improvement, fuel consumption reduction and 
reducing the ventilation requirement of underground mining operations (Komatsu Mining Corp, 
2017) through kinetic energy recovery. However, in this research the primary reason for 
considering energy recovery on board surface mine haul trucks, is the possibility of recovering 
 
 
 
 
 
 
Figure 2.2 Series hybrid topology  Figure 2.3 Parallel hybrid topology  
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and re-using large amounts of potential energy as well as some kinetic energy when the 
opportunity arises, and to maximise the economic benefit that may be achieved re-using this 
energy.  
 
2.3  HEMHT Drive System Topology, Component Selection and Sizing, and 
Control  
Adding an energy regeneration capability to surface mine haul trucks would result in a hybrid 
drive system. The literature shows that the design and optimisation of a hybrid drive system is 
not a simple task. It involves several levels of optimisation and requires customisation to the 
specific application and usage (Guzzella & Sciarretta, 2013, p21), (Masih-Tehrani et al., 2013, 
p9), (Wordsworth, 2015, p54). These systems often add weight to the basic design (Masih-
Tehrani et al., 2013) and some of the elements add considerably to the cost (Nykvist & Nilsson, 
2015). 
Table 2.1 A selection of hybrid drive applications showing topology and storage technology 
Application Configu-
ration 
ES technology Named Application and/or Reference 
Gantry crane Series EMFW (M. M. Flynn et al., 2008) 
Excavator Parallel Mechanical 
Flywheel 
(Morey, 2013) 
Load haul dump 
trucks (LHD) 
Series EMFW (Komatsu Mining Corp, 2017) 
Shovel Series Ultra-capacitor (Maxwell Technologies, 2013) 
Bus Parallel Mech. Flywheel (Kendall, 2015; Torotrak Flybrid, n.d.) 
Bus Series LFP battery (Masih-Tehrani, Ha'iri-Yazdi, Esfahanian, 
& Safaei, 2013) 
Locomotive Series ‘Li-ion battery’ (Toshiba Infrastructure Systems & 
Solutions Corporation, 2018) 
Trains Parallel Mech. Flywheel (Shirres, 2014),(Wheals et al., 2015) 
Conventional 
Submarine  
Series Lead-Acid 
Battery 
UK Oberon class (San Francisco Maritime 
Park Association, 2011), (PMB Defence - 
Batteries, 2018)  
Racing car Parallel Ultra-capacitor Toyota (Millikin, 2007; Toyota Motor 
Corporation, 2017) 
Sports car Series LFP Fisker Karma (Hutchinson et al., 2014) 
Passenger car Parallel Ni-Cd or Ni-Mh Toyota Prius (Hutchinson et al., 2014) 
Passenger car Parallel Ni-Mh Honda Insight & 2013 Civic hybrid 
(Çağatay Bayindir, Gözüküçük, & Teke, 
2011) (Hutchinson et al., 2014) 
Note that the series or parallel designation is determined by the mechanical link or links to the 
final drive or transmission. For parallel drive systems both the electric motor(s) and the engine 
can directly drive the vehicle. For the series hybrid structure, the components supplying 
electrical power, the generator set and batteries, are in parallel and only the electric motor(s) 
provide propulsive power to the vehicle. The passenger cars listed are just two examples from 
a wide range of cars making use of many different drive train topologies and various ES 
technologies. For March 2018 Hybridcars.com (2018) lists 74 examples of hybrid (45) and 
plug-in hybrid (29) cars available in the U.S. market from a range of manufacturers. 
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Guzzella and Sciarretta (2013, p42) states that there are at least three (hierarchical) levels of 
optimisation problems present in most vehicle propulsion design problems. These are;  
• structural,  
• parametric, and  
• control optimisation.  
Structural optimisation involves determining the best powertrain structure (also referred to as 
drive train topology, architecture, configuration or layout), for the given vehicle application. 
For a chosen structure, the parametric optimisation involves determining optimal 
specifications of individual components. The optimisation could include the choice of 
technology and capacity of energy storage device (ESD), prime mover power rating and speed 
range, number and capacity of electric motors, and required torque profiles. Solutions can 
involve more than one type of ESD (Cao & Emadi, 2012; Rotenberg, Vahidi, & Kolmanovsky, 
2011) and more than one motor of differing size (Hutchinson et al., 2014, p321)(p321). The 
choice of ESD technology determines to a large extent the typical combination of power rating 
(for both charge and discharge requirements) and storage capacity. Where the technology 
allows variation of the relationship between power and storage capacity, increasing one of these 
typically means sacrificing capacity of the other for a given system mass (Hearn, 2013). While 
many of the decisions at this level involve technical characteristics, it would also have to include 
aspects such as component cost, through life cost implications, complexity, durability and 
suitability to the environmental conditions in area of use.  
The objective of control optimisation is to find the best energy management strategy (EMS) 
(also referred to as the supervisory control strategy). The EMS aims to control or provide the 
set points for lower level systems and components to manage the flow of energy to, from and 
between two or more energy sources (such as from generator to storage) on the vehicle. The 
EMS strives to optimise the use of components to achieve predefined optimisation goals such 
as acceleration performance, emissions and fuel consumption (Guzzella & Sciarretta, 2013). To 
maximise fuel efficiency, the EMS must ensure as much as possible of recovered energy is used 
when the opportunity arises and be able to capture as much as possible of recoverable energy 
without exceeding component limits. 
The three optimisation levels cannot be solved and optimised in isolation as they are 
interdependent (Silvas et al., 2012). Obtaining a satisfactory solution therefore requires an 
iterative process (Guzzella & Sciarretta, 2013; Silvas et al., 2012) using one or more drive 
cycles that represent the application as accurately as possible.  
2.3.1  MHT Drive-train designs 
Mine haul trucks typically use one of two drive system designs. The first is a mechanical drive 
system (Caterpillar, 2017a) preferred by Caterpillar at least in part because of claimed higher 
drive system efficiency (Caterpillar, 2015, p10-21). Mechanical drive trucks use oil cooled 
friction discs to provide the restraining force and to get rid of energy released when braking. 
The alternative drive configuration preferred by the majority of OEMs for trucks in the 100+ 
tonne class as evident from Fig. 2.4, uses diesel-electric drive systems (Caterpillar, 2013; 
Fiscor, 2013; Hitachi, 2018; Komatsu, 2008, 2009; Liebherr, 2014). Most modern diesel-
electric drive systems feed rectified AC output into a high voltage direct current bus also called 
the DC-link. Power is fed from the DC-link through vector drive inverters able to appropriately 
control the speed and direction of rotation of the AC in-wheel motor-generators (Siemens, 
2009). When braking or retarding the truck, the in-wheel motor-generators provide a torque 
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resisting the truck motion, generating electricity in the process and returning it to the DC-link. 
From the DC-link electricity is diverted through a braking chopper to a resistor grid (Siemens, 
2009). Using the in-wheel motors to brake is referred to as dynamic braking or dynamic 
retarding (Randolph, 2006). The AC drive system topology closely matches that of a series 
hybrid drive system only lacking an ESD to capture energy returned to the DC-link. 
  
 
- Mechanical drive  
- DC Diesel electric drive  - AC Diesel electric drive 
Figure 2.4 Rigid body mine haul truck models by size class and manufacturer  
Note: Reproduced from Humphrey and Wagner (2011, p922) and adapted to highlight trucks 
verified as using DC and AC diesel-electric drives as indicated 
 
Although rarely used in passenger cars (Hutchinson et al. (2014), series drive systems 
incorporating ES are used or envisaged in a number of applications. These include the 
Komatsu’s LHDs mentioned in Section 2.2, hybrid buses (Masih-Tehrani et al., 2013; Rahman, 
Butler, & Ehsani, 1999; Sezer, Gokasan, & Bogosyan, 2011) and other heavy vehicle 
applications (El Kadri, Djerdir, & Berthon, 2006; Liao & Khandaker, 2014; Lyshevski, 2000). 
According to Ehsani et al. (2007) the series hybrid drivetrain “is usually used in heavy vehicles, 
such as heavy commercial vehicles, military vehicles, buses, and even locomotives where 
designers make use of its simple structure, simple control and easy packaging”. It also eases 
conversion to using trolley-assist systems for MHT’s. 
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2.3.2  ES technology options 
ES technologies used in or considered for mobile applications, include ultra-capacitors (Burke 
& Miller, 2011; Rotenberg et al., 2011), chemical batteries such as lead acid (Pb), nickel 
cadmium (Ni-Cd), nickel metal hydride (Ni-Mh)(Broussely, 2010), sodium nickel chloride (Na-
NiCl2 also known as ‘ZEBRA’ batteries)(Broussely, 2010; Jensen, 2013), several lithium-ion 
variants (Capasso & Veneri, 2014; JMBS, 2017), mechanical flywheel (Hedlund, Lundin, de 
Santiago, Abrahamsson, & Bernhoff, 2015; van Berkel, Hofman, Vroemen, & Steinbuch, 2011) 
and electro-mechanical technologies (Foley, 2013; Hedlund et al., 2015). These technologies 
vary widely in characteristics including safety and abuse tolerance, energy stored per unit mass 
(specific energy (SE)), energy stored per unit volume (energy density), power per unit mass 
(specific power (SP)), power per unit volume (power density), cycle life, cost and temperature 
sensitivity. 
For mobile applications mass is a very important consideration as it affects fuel efficiency and, 
in commercial applications, payload. The Ragone plot provides a useful way of comparing the 
two characteristics most important in determining the storage system mass for different ES 
technologies. The Ragone plot typically represents the SE [Wh/kg or J/kg] on the vertical axis 
and SP [W/kg] on the horizontal axis using a log-log scale. Calculation of the discharge time 
for a fully charged device for any position on the plot is given by,  
 𝑡𝑑𝑖𝑠𝑐ℎ[𝑠] =  
𝑆𝐸
𝑆𝑃
 
[𝑊ℎ/𝑘𝑔]
[𝑊/𝑘𝑔]
∗ 3600 [𝑠/ℎ], (2.1) 
and is often represented as diagonal lines on these plots. The example of a Ragone plot in 
Fig. 2.5 (from Briat et al. (2007)) shows approximate ranges of some contending ES 
technologies. Considering their position on the Ragone plot ultra-capacitors are - considering a 
given mass - better suited to applications where energy recovery and discharge at a high rate 
but short duration is required such as when using regenerative braking (Hutchinson et al., 2014, 
p316). Considering Table 2.1 the applications where ultra-capacitors and flywheels are used 
include industrial equipment and a racing car. In such applications the lower energy storage 
capacity of these technologies is acceptable, and the high specific power is highly desired. 
These applications are also characterised by highly cyclic loading for which these technologies 
are well suited (Beacon Power, 2014b; Maxwell Technologies, 2014a), with cycle lives ranging 
from a hundred thousand to a million or more.  
Figure 2.5 Approximate 
ranges of specific energy and 
specific power for a selection 
of ES technologies (From: 
Briat, Vinassa, Lajnef, 
Azzopardi, and Woirgard 
(2007)) 
Note: Considering the dis-
charge times of electrolytic 
and film capacitors they are 
not of practical use as ESD’s 
in hybrid vehicle drive 
systems. 
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In contrast with ultra-capacitors and flywheels, chemical batteries tend to be used or considered 
for use in hybrid applications where much of the energy is sourced from an on-board engine 
driven alternator for delayed use. As shown in Table 2.1 chemical battery applications include 
conventional submarines, hybrid locomotives and hybrid-electric cars such as the Toyota Prius 
and Honda Insight. Batteries are typically better suited to lowered discharge rates, as indicated 
by their position to the far left of the Ragone plot, but are capable of storing large amounts of 
energy for a given mass. Chemical batteries are therefore also the ES technology used in pure 
electric vehicles (EV’s) such as Tesla’s various models (Tesla Motors, 2018) and BYD’s 
electric buses (BYD, 2014) where its energy storage capacity determines the range of the 
vehicles. For chemical batteries the rate at which energy can be released (powering) is typically 
notably higher than the rate at which it can be charged (A123, 2012b; Panasonic, 2012a; Wang 
et al., 2011). The cycle life of chemical batteries is highly dependent on use (Groot, 
Swierczynski, Stan, & Kær, 2015; Wang et al., 2011) and is typically limited to a few thousand 
cycles (IEC, 2011).  
The technology used in mobile and other applications is often specified as ‘lithium-ion battery 
technology’ as is the case for the locomotive in Table 2.1 (Toshiba Infrastructure Systems & 
Solutions Corporation, 2018). While it is appropriate in terms of specifying the general electro-
chemical technology, the specific chemistry would be one of several variants. Amongst these 
variants significant variation in characteristics can also be found. JMBS (2017, p10), lists the 
following six as ‘Main Li-ion cell variants’ but as many as 14 are shown as commercialised or 
being researched in Nitta, Wu, Lee, and Yushin (2015): 
• Lithium Cobalt Oxide (LCO) – LiCoO2 
• Lithium Cobalt Aluminium Oxide (NCA) – LiNiCoAlO2 
• Lithium Iron Phosphate (LFP) – LiFePO4 
• Lithium Manganese Oxide Spinel (LMO) – LiMn2O4 
• Lithium Nickel Cobalt Manganese Oxide (NCM) – LiNixCoyMnzO2 
• Lithium Titanate Oxide (LTO) – Li4Ti5O12 
Each of the variants have individual strengths and weaknesses. LCO, for example, is widely 
used but expensive due to the use of cobalt and has the lowest thermal stability of any cathode 
material (Nitta et al., 2015, p4), NCA has high specific energy and has found widespread use 
such as in the Panasonic batteries used in some of Tesla’s electric cars (Nitta et al., 2015, p5), 
but its cycle life is not as good as that of LFP. LFP has substantially reduced specific energy 
compared to most of the other variants listed but can be discharged (and charged) at 
exceptionally high rates (JMBS, 2017). The extent of differences amongst variants suggest that 
system characteristics such as: system mass; cycle life; through life cost; charge efficiency; and 
safety will be highly dependent on the selected ES variant. The potential variation therefore 
necessitates a thorough evaluation and comparison of implications to identify the variant most 
suitable to a specific application. 
Because of the log-log scale used, technologies that appear to be close to one another can differ 
by an order of magnitude or more as is the case comparing the specific energy ranges of ultra-
capacitors and batteries in Fig. 2.5. Flywheel technology may be able to fill the gap in specific 
energy between ultra-capacitors and battery technologies while still providing a sufficiently 
high specific power. Hearn et al. (2007) highlights other beneficial characteristics of flywheel 
technology such as high reliability, very high cycle life with no degradation in performance 
over the life of the flywheel, reduced ambient temperature concerns and the absence of 
environmentally harmful materials. Akinyele and Rayudu (2014) adds high efficiency typically 
in excess of 90 to 95% to its characteristics but highlights negative aspects such as short 
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discharge duration and high self-discharge. The rated power of EMFWs (which depends on 
power electronics and drive motor-generator) is to a large extent independent of their energy 
storage capacity (determined by the flywheel rotor speed and moment of inertia). This 
decoupling of power and storage capacities facilitates, for a given mass, the optimal matching 
of flywheel parameters to the demands of a particular application. Figure 2.6 reflects three 
EMFW configurations each with individual strengths. According to (Hearn, 2013) the non-
integrated design of Fig. 2.6(a) gives the greatest flexibility for modifying the power and energy 
storage capability. A seal suited to the high rotor speeds is essential to maintain the vacuum 
inside the flywheel housing. The partially integrated design shown in Fig. 2.6(b) provides 
improved power and energy density but thermal requirements of the motor-generator must be 
carefully considered (M.M. Flynn, 2003) due to being included in the vacuum housing. The 
fully integrated design of Fig. 2.6(c) maximises energy and power density, but cooling 
requirements would also need careful consideration. 
 
Figure 2.6(a-c) Configurations for flywheel ES (Hearn, 2013)(edited from: Hayes, Kajs, 
Thompson, and Beno (1999)) 
Purely considering the relative positions of ES technologies on the Ragone plot for a given 
truck size and energy recovery rate, suggests ultra-capacitor technology may be more suitable 
for use in shallow mines where a smaller amount of energy over a shorter time would be 
recoverable. One of the chemical battery types may be better suited to deep mines with large 
amounts of recoverable energy while various flywheel designs might satisfy a range of mine 
depths between these extremes. The definition of an appropriate usage cycle would be essential 
to evaluate the potential of each technology or technology variant for an envisaged application 
and to optimise system parameters accordingly. The definition of usage cycles appropriate for 
surface mining is explored further in Section 2.3.3. 
GE was doing research into the hybridising of mining haul trucks as early as 2002 (CTP, 2007, 
p. A-68). Several reports on the work done as part of the project are available. The reports 
Richter (2006, 2007) and Salasoo (2004) although informative in terms of project progress at 
different times, include very little information on the parameters chosen for the prototype 
design. As such it provides little if any information on the background or factors that lead to 
decisions on the prototype size and technology. Randolph (2006, p34) shows that GE had a 
vision of using the system to improve fuel consumption, engine wear and productivity and to 
reduce fleet sizes. 
GE’s initial intent was to install a prototype energy recovery system on board a 320 US ton 
(290 t) payload diesel-electric drive Komatsu 930E truck. Empty vehicle mass (EVM) of the 
truck was about 215 t (Komatsu, 2009). 
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Figure 2.7 shows the conceptual layout of their chosen hybrid electric drive system which is in 
principle the same as the series hybrid electric drive shown in Fig. 2.2. Na-NiCl2 (‘ZEBRA’) 
battery technology was their preferred technology for storing energy recovered through the 
dynamic braking system, rather than diverting the energy to the fan-cooled resistor grid 
(‘braking grids’). The prototype installation was done on the notably smaller 240 US ton (218 t) 
payload Komatsu 830E (164 t EVM) (Ng, 2009; Richter, 2007). The recovery system was rated 
at 500 kW. It is not clear whether the quoted power rating was for the discharge or charge rate 
of the battery system although the former seems more likely. The installed energy storage 
capacity could not be ascertained from the available reports.  
Figure 2.7 GE concept of 
hybrid-electric mine haul 
truck drive system from King 
et al. (2006) 
 
 
 
The truck used for the prototype testing was appropriately modified by the truck OEM to 
accommodate the batteries and various other components including inductor coils and 
associated power electronics. Figure 2.8 (see next page) shows how the batteries and various 
other components were segregated to several areas on board the truck where space could be 
made available. Inductors were placed in the space available under the load body, some batteries 
were mounted on an extension of the front bumper and some of the batteries and equipment 
were installed on the area to the right of the operators cabin (Randolph, 2006, p. 31). This 
highlights the fact that despite the size of these trucks space is limited and the ability to separate 
ES components, especially if intended for installation on an existing design, may be a valuable 
characteristic. The need to distribute the mass of such a system is also likely to be an important 
consideration with respect to maximum allowable axle loads.  
Although the various reports provide valuable insight into the prototype development, 
integration and testing and identifies the topology and the ES technology selected the criteria 
driving their choice of ERS technology is not clear. The project was not yet completed by the 
time the last official report by Richter was released early in 2007. This report indicates that the 
batteries presented a higher than expected resistance while charging during the descent cycles. 
The Na-NiCl2 molten salt battery technology has some particularly beneficial capabilities such 
as being able to handle high temperatures and not requiring cooling after charging (Jensen, 
2013). However, Veneri, Capasso, and Patalano (2017) indicates a recharge rate of 0.5C. This 
implies that recharging requires no less than about 2 hours. JMBS (2017) mentions a “normal 
charge process of 6-8 hours”. To mimic slow charge rates despite having to store large 
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quantities of energy over short periods of time (in the order of minutes) requires excessive 
capacity and therefore excessively heavy systems.  
Figure 2.8 GE’s envisaged 
distribution of hybrid 
components on board a mine 
haul truck. (Reproduced and 
annotated from (Randolph, 
2006, p. 31) – General Electric 
OHV Drive Systems 
Technology)  
 
 
 
 
 
 
 
Available literature also reflect GE’s interest in using ES or hybrid technology in locomotive 
applications (Ng, 2009) with one stating that a locomotive released by GE made use of ES 
(Schilling, 2013). Although indications are that GE was working on such a project no formal 
evidence to the actual release of such a locomotive could be identified elsewhere. GE has made 
notable progress in using Na-NiCl2 storage technology on board electric load haul dump trucks 
(Donahue, 2013; Jensen, 2013) but no evidence could be found of the successful 
implementation on board a HEMHT for use in surface mines. In line with the work discussed 
in this section GE raised patents relating to specific aspects of design and integration of ES on 
board mine haul trucks and other heavy duty hybrid propulsion applications (King et al., 2006; 
King et al., 2007).  
2.3.3  Drive cycle definition, and component and control optimisation 
The performance over a drive cycle is used as the metric for optimising hybrid-drive system 
parameters. Optimal performance can only be achieved using appropriately sized components 
at the right time, at the right intensity and for the appropriate duration during a drive cycle. The 
selection of an appropriate drive cycle for this purpose is therefore essential. 
The standard drive cycle for road vehicles is described as: “….a series of data points 
representing the speed of a vehicle versus time” (Hofman, 2007). For passenger car and certain 
other hybrid vehicle applications standardised drive (or usage) cycles guide and simplify 
optimisation. For vehicle applications several such cycles are defined, for instance the New 
European Driving Cycle (NEDC), Worldwide Harmonized Light Duty Test Procedure 
(WLTP), Federal urban driving cycle (FUDS), Federal highway driving cycle (FHDS) and 
federal test procedure (FTP-75)(Guzzella & Sciarretta, 2013, pp. 21-22). As the names suggest, 
some of these cycles target urban usage of a vehicle while others represent highway driving. 
None of these cycle definitions would however be suitable for developing an appropriate 
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control strategy or optimising the design and component selection of a HEMHT used in a 
surface mining context.  
For MHTs a basic haul cycle includes unloading to take place outside the pit, trucks driving 
towards the entry ramp while adhering to appropriate speed limits, driving down the ramp, 
driving to the loading point on the active bench, being loaded (more than doubling the vehicle 
mass) and returning to the unloading point in a loaded condition. To maximise productivity the 
aim is typically to minimise cycle time while complying to speed limits for safety. Truck 
acceleration and speed ascending the ramp are limited by the power available to the wheel 
motors. The profiles of haul cycles are naturally dependent on the profile of the surface mine.  
Wetherelt and van der Wielen (2011) describe the development of a surface mine as occurring 
through a series of pushbacks. According to these authors the exact geometry of a pushback is 
very site specific and depends upon a range of factors including ore-body geometry, financial 
goals, geotechnical considerations, mining equipment, production goals and long-term 
planning. The maximum depth a mine might reach is also a function of these parameters. The 
maximum depth reached in surface mines is typically less than 430 m with only ten of the 
world’s open pit mines deeper than this depth (in 2013) (Mining Technology, 2013). 
Pushbacks in mining can either be conventional or sequential. A conventional pushback tends 
to concentrate mining activities at a certain level (or bench depth) before moving deeper. The 
sequence of haul operations starting with small changes in truck elevation (or vertical lift) in 
each cycle gradually increasing as the depth of the active bench increases over time, would be 
repeated several times through the life of a large mining project (see Fig. 2.9). When using 
sequential pushbacks, mining activities may take place at different bench levels at the same 
time.  
 
Figure 2.9 
Conventional 
and 
sequential 
pushbacks 
(From: 
Wetherelt 
and van der 
Wielen 
(2011, p. 
862) 
 
 
 
Bench heights are typically around 15 meters. Although it would be difficult to represent the 
geometrical change of an open pit mine over time, an approximation of the haul route based on 
typical ramp grade and bench depth should provide a reasonable approximation of the haul 
route as a function of active bench depth. For each possible bench depth, the length of the ramp 
can be approximated based on the ramp grade and elevation change between bench and ramp 
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crest. Adding appropriate descriptions of the flat haul distances inside and outside the pit with 
associated speed limits would provide an approximate drive cycle definition for each bench. 
For a mine of say, 300 m deep this would imply 20 different haul cycle definitions each differing 
substantially in terms of the change in elevation per cycle and hence the amount of energy to 
be captured during ramp descents.  
Optimising the component selection and control for each of the possible haul cycles would 
result in a large number of design solutions. From a logistic and system cost perspective this 
would not be a viable option. An alternative approach could be to select a representative haul 
cycle from the host of possibilities and to optimise the drive system using the selected haul 
cycle. Again considering Fig. 2.9 the largest proportion of material would typically be mined 
from shallower depths implying that more of the haul cycles would be completed over smaller 
elevation changes. In contrast the greatest amount of energy can be recovered from the greatest 
depths. The method or criteria to be used for selecting the representative haul cycle is therefore 
not obvious. If a fleet of HEMHT optimised for a single depth is used in a mining project the 
trucks will be well suited to a certain depth but would be sub-optimal to a greater or lesser 
extent for all other depths. Since the bench depth changes over time the truck fleet performance 
would also vary over time.  
In addition to changes in vertical lift in each haul cycle and changes in the haul cycle as a 
function of time, the HEMHT haul cycle description also needs to incorporate significant 
changes in load carried (due to loaded ascents and empty descents). The actual payload per 
cycle is also subject to statistical variation due to variation in material density and the loading 
process. Truck OEMs allow for this in their designs (Caterpillar, 2015; Hitachi, 2014; Komatsu, 
2008). Payload variability was not considered in this research.  
2.3.4  Practical control strategies  
A review of available research indicates high levels of interest in the EMS of hybrid drive 
systems (Barsali et al., 2004; Brahma, Guezennec, & Rizzoni, 2000; Ganji & Kouzani, 2010; 
Guzzella & Sciarretta, 2013; Hellström, 2010; Lyshevski, 2000; Paladini, Donateo, de Risi, & 
Laforgia, 2007; Patil, Filipi, & Fathy, 2014). The hybrid drive applications considered in the 
referenced works typically offer low levels of predictability. In contrast, mine haul operations 
tend to be highly cyclic and repetitive, and therefore highly predictable. In addition, GPS and 
related systems now provide the ability to continuously monitor the exact location of each truck 
to the extent of enabling autonomous MHTs. This research project was therefore approached 
with the view that EMS, used on board HEMHT, would not demand the same level of attention 
as for applications that are less predictable. Knowing future driving and power demands would 
allow a much simpler and direct approach to energy management. 
2.4  Objective for HEMHT Optimal Design 
Optimisation necessitates having a clear objective (Nocedal & Wright, 2006, p. 2). There may 
be several objectives necessitating multi-objective optimisation (Egorov, Kretinin, 
Leshchenko, & Kuptzov, 2007). As suggested in Section 2.2 an obvious objective for the 
HEMHT would be saving fuel but it could also include minimising the environmental impact, 
productivity improvement, minimising cost of ownership or minimising haul cost at individual 
depths or for a mining project. It is only with clear objectives and a drive cycle definition 
appropriately reflecting practical use that the design and control of a hybrid system can be 
optimised. 
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Rawlinson (2011) states “In mining, the net present value, or NPV, is the primary measure of 
intrinsic value upon which rational investment decisions ought to be made.” It follows that a 
hybrid drive system on board a mine haul truck would have to improve the NPV of a mining 
operation to be desirable to mining companies. Being able to reduce the environmental footprint 
of a mining operation may be desirable but if it comes at great cost it is unlikely to find favour 
with mining companies. The way in which the use of HEMHT could improve NPV is by 
reducing the net present cost (NPC) of haul operations. While a reduction in NPC may be 
achieved through fuel savings the mass of the system may adversely affect productivity 
impeding anticipated benefits. The objective should therefore be to minimise NPC while fully 
accounting for adverse impacts of the ERS and, as a minimum, maintaining production rates. 
From the evidence available it will not be possible to identify the technology and size of an 
ERS or its control that will provide an optimal solution based on a simple fixed drive cycle. It 
will be necessary to take due account of the variable nature of the trucks’ use due to changes in 
the mine over time and the impact of the ERS on payload.  
The approaches to pushback (conventional and sequential) are expected to have implications 
for the sizing of the ERS. The conventional approach would result in trucks operating over all 
depths of the mine and if an ERS is used would have to be sized such as to provide the best 
solution considering all possible bench depths. However, if the sequential pushback approach 
is used it may be possible to limit the use of some of the truck fleet to a smaller range of 
elevation changes per cycle. This may allow optimising the ERS design used on these trucks 
for the smaller range of elevation changes and possibly enable greater overall advantage. 
Since mining projects may span many years or even decades, the optimal solution is likely to 
be impacted by long term economic parameters. 
2.5  Previous Research and its Limitations 
In his MAppSc thesis Esfahanian (2014) sets out to: “identify if it makes financial sense to 
implement hybrid electric power-train technology in mine haul trucks given the associated 
risks.” His research therefore shares some important mutual ground with this research. 
Esfahanian’s research used a high-level approach to technical and physical aspects and only 
considered a chemical battery type sized to recover energy at a rate of 1C. Calculations are 
based on basic physics and, due to not being time variant, do not include kinetic energy recovery 
or the implication of changes in the ERS capacity on the amount of energy potentially 
recoverable during deceleration and retardation. It also does not include the ability to determine 
the impact of energy required for acceleration. 
Expectations of the economic benefit of hybrid technology are quite positive and shows a 16% 
reduction in fuel consumption due to energy regeneration on downhill segments. He also 
suggests an 11% improvement due to brake specific fuel consumption (BSFC) optimisation. 
Combining energy regeneration and BSFC optimisation while also considering a reduction in 
payload due to ERS mass, he calculates an effective fuel consumption reduction of 24.6% (p62). 
However, in-spite of not having on-board storage, DEMHT trucks already make use of a series 
drive configuration and are already capable of operating point shifting (Cowan, 2005). The 
anticipated 11% improvement in fuel efficiency due to operating point shifting therefore 
appears unrealistic. 
Esfahanian (2014) does not consider the fact that the number of charge-discharge cycles 
required in a mine haul truck is at least an order of magnitude higher than what will be expected 
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from typical hybrid vehicle applications. This implies that the chemical battery-based systems 
he contemplates, may have to be exchanged on a regular basis with significant cost implications.  
2.6  DEMHT Characteristics and Use Simplifying Drive System 
Hybridisation  
The enabling characteristics of modern AC2 DEMHT and modern power electronics (Siemens, 
2009) bodes well for the integration of an ERS on board DEMHT. Some of the more important 
components of a typical series hybrid electric drive already form part of the drive system design. 
Section 3.2 elaborates on the anticipated ease of integration. Although other configurations are 
potentially more efficient (Sciarretta & Guzzella, 2007, p. 61) the additional complexity of such 
configurations is likely to add significant additional hurdles to the realisation of trucks using 
energy recovery. Although heavier and perhaps less efficient than parallel configurations 
(Hofman, 2007) a series drive system layout is the drive system of choice for the majority of 
OEMs of rigid-body MHTs in the 136 t to 363 t payload range3 as shown in Fig. 2.4. It is also 
the chosen configuration for the twin-engined Belaz 75710 truck (Fiscor, 2013) with a payload 
of 454 t. The first or structural optimisation layer as identified by Guzzella and Sciarretta (2013) 
can thus be assumed fixed as being a series configuration. Other configurations are not 
considered in this research allowing the optimisation effort to be focussed on the next two 
layers.  
 
On the second (or parametric) level the specifications of the traction or in-wheel motor-
generators is deduced from the desired vehicle dynamic performance (Silvas et al., 2012, p. 57). 
For these trucks, equipped with dynamic braking systems, the size and rating of in-wheel motor-
generators and associated inverters is primarily determined by the braking power required to 
restrain a loaded truck descending a ramp for a limited time. The braking power is significantly 
higher than the propulsion requirement and can also be assumed as that which forms part of the 
various trucks’ existing designs and therefore need not form part of the components considered 
for design optimisation. An ERS’s could be used to temporarily store energy from the diesel-
generator set. Energy stored in this way could be used to supplement or substitute engine power 
when maximum power is required. This feature could be used to reduce the size of the diesel-
generator. The optimal sizing of the diesel-generator set and ERS trading off the size of one 
against the other adds another level of complexity which is beyond the scope of this research. 
The attention was therefore focussed on the selection of the appropriate ES technology and 
optimal sizing thereof while keeping the diesel-generator set characteristics as given.  
Considering the third optimisation layer (control of the system), the mine haul truck application 
differs from typical hybrid car applications in that the operation is often very repetitive and can, 
as a result, be highly predictable. While there is some variation in the route a truck may follow 
on the flat haul sectors inside and outside the pit, the location and characteristics of the ramp 
(where most of the fuel is consumed and potential energy can be recovered) is relatively fixed 
over the course of several days or even weeks for the current pushback. From a control 
perspective the benefit of having prior insight to the route information is highlighted in several 
publications including Ganji and Kouzani (2010) and Hellström (2010). This aspect should 
favour efficient control of the ERS components to ensure the recovery and storage of most if 
not all the energy becoming available for capture during descents and deceleration, depending 
                                                 
2 AC refers to the alternating current used to drive the wheel motors as opposed to DC used on older designs and 
still used on some smaller DEMHT 
3 The 108 t payload XEMC SF31904 shown in Fig. 2.4 is fitted with a DC electric drive system, not the AC drive 
configuration under consideration 
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on the capacity and rating of the ERS (second level choices). The predictability should also 
greatly assist optimal control of stored energy re-injection by easing determining optimal 
timing, duration and intensity. Optimal control may however be interfered with by other trucks 
on the same haul route causing occasional truck bunching, or by extended delays at the loading 
equipment or dump location. It is envisaged that GPS as is used in association with autonomous 
trucks (Parreira, 2013) can also be used as input to the EMS improving the effective use of 
recovered energy. In this research only two EMS strategies are considered to evaluate the 
sensitivity of control strategies to system performance.  
2.7  Research Methodology  
There is currently no publicly available information that provides a satisfactory answer to the 
research question stated in Chapter 1. Even if a solution could be found that nominally satisfies 
technical requirements for energy recovery for a particular truck and haul-route, it may not be 
economically viable due to its cost, its impact on payload, or its inability to perform 
satisfactorily over the range of haul-routes that form part of a mining project spanning many 
years. To gain an understanding of the technical requirements of energy recovery on board a 
HEMHT, identify alternative storage solutions, evaluate their individual technical potential and 
ultimately their economic potential, the approach as set-out under the four main headings 
below, was identified and used to guide the research reported in this thesis:  
1. Technical feasibility 
• Consider integration of ERS in truck drive system configuration learning from 
existing hybrid drive arrangements.  
• Considering truck drive system characteristics and operating environment deter-
mine whether a useable amount of energy could be recovered to the truck DC-link.  
• Identify technologies that can be expected to store the amount of energy at the rate 
it becomes available for storage while minimising payload impact. 
• Compare technologies’ ability to realise a reduction in fuel used per tonne mined. 
2. Single depth economic feasibility 
• Incorporating the most important haul cost expenses including fuel cost and the cost 
of the ERS, determine whether the use of ERS has the potential to reduce overall 
haul cost per tonne mined at individual pit depths.  
• Identify limits of beneficial use in terms of pit depths, ERS mass and technology. 
3. Life of mine economic feasibility 
• Appropriately define a mining project in terms of material quantities, distribution 
and mining schedule. 
• Identify appropriate values for financial parameters, inflation, interest and discount 
rate. 
• Duly incorporating timing of expenses identify preferred technology, optimal size 
and usage strategy for an ERS that would minimise the NPC of haul operations if 
used on all trucks in a fleet over the life of a mining project. 
• Reflect level of cost reduction expected. 
4. Sensitivity of results to parameter variations 
• Evaluate sensitivity of results to variation in assumed parameters for proposed 
solution(s) 
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The large number of influential parameters and several conflicting requirements make it 
essentially impossible to foresee the result of interaction amongst these parameters on the 
potential benefit of an on-board ERS. This research therefore leans heavily on simulation to 
develop answers to the research question. The simulation study does not remove the need for 
extensive testing to confirm validity of underlying assumptions. Nor does it provide a guarantee 
that available technology will satisfy the demands of the mine haul application in practice. 
However, the presented simulation study provides a useful and cost-effective guidance for 
advancing energy recovery and re-use on board DEMHT. Additionally, the study provides 
guidance on the requirements for future hardware testing. 
The research done to address the various points listed above is discussed in detail in the 
subsequent chapters of this thesis. Appendix A provides a summary of the code required to 
satisfy the requirements of the different stages of the research. The text and block diagrams in 
Appendix A also provide insight to how the code developed from stage to stage to satisfy 
additional demands and increasing complexity. Appendices B and C contain additional 
information which was useful in developing the simulation program. The Appendices are not 
critical to understanding of the analysis approach followed, but may provide useful context as 
well as insight to aspects such as the developments around EMFW-based ERSs. 
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3 TECHNOLOGY SELECTION AND SIZING OF ON-BOARD 
ENERGY RECOVERY SYSTEMS TO REDUCE FUEL 
CONSUMPTION OF DIESEL-ELECTRIC MINE HAUL 
TRUCKS  
 
3.1  Introduction  
Diesel electric-drive mine haul trucks (DEMHT) used in surface mining have an empty vehicle 
mass (EVM) of between 85 t (XEMC, 2011) and about 250 t (Caterpillar, 2013; Komatsu, 
2008). These trucks (powered by engines of up to 3000 kW (Liebherr, 2014)) haul loads of 
between 108 t (XEMC, 2011) and 363 t (Liebherr, 2014) of broken ore, coal or overburden out 
from surface mining pits. Mining pits vary significantly in depth, with a few attaining depths 
greater than 430 m and the deepest currently at 1,200 m deep (Mining Technology, 2013). For 
trucks operating at an open pit mine, each cycle involves descending into the pit, being loaded 
by a mining shovel, ascending and off-loading. A truck may execute as many as 60 haul cycles 
each day depending on the cycle time. Cycle time depends on haul route characteristics such as 
depth of the pit, the height of the waste dumps and the distance of crushers or stockpiles from 
the exit of the in-pit ramp. Cycle time also depends on truck characteristics that determine truck 
acceleration and ramp ascent speed. The more important of these characteristics include vehicle 
mass and engine power. The larger trucks consume more than 1.5 ML of fuel each year.  
When a 250 t EVM truck descends into a pit 100 m deep (typical of open-cut coal operations), 
it loses approximately 245 MJ [68 kWh] of potential energy in 2 minutes. The amount of energy 
lost is equivalent to the energy needed to power a typical four-person household in a first world 
country for three days. While some of this energy is used to overcome rolling-resistance most 
is dispelled as heat via a resistor grid. The ability of an energy recovery system (ERS) to capture 
as much of this lost energy as possible and reinject it on acceleration and pit ascent appears to 
hold significant potential to improve fuel efficiency of haul operations and reduce harmful 
emissions. This chapter presents an initial investigation into the technical and economic 
feasibility of a DEMHT ERS using state of the art energy storage technologies. It is a significant 
extension of work done by Esfahanian (2014) including investigation of an appropriate 
selection of energy recovery technologies and using a simulation model with appropriate 
modelling of the dynamics and performance of each technology if used in an on-board ERS.    
There has been one attempt by General Electric from 2002 to 2007 to develop a mine haul truck 
ERS for a Komatsu DEMHT using sodium nickel chloride batteries (NaNiCl2) as the energy 
storage technology (21CTP, 2007; Richter, 2006, 2007; Salasoo, 2004). There has been no 
known commercial outcome to date, and the overall outcomes were not reported, except that 
the batteries did not perform up to expectations (Richter). The absence of a commercially 
available mine haul truck ERS suggests that there are fundamental limitations with respect to 
the application of the NaNiCl2 batteries or other chemical batteries for the application.  
The unloaded-descent followed by loaded-ascent nature of the DEMHT working cycle make 
the energy flows over the cycle similar to that of loading equipment such as excavators and 
cranes, where ERSs have been installed to achieve significant fuel savings. These ERSs operate 
by recovering and storing energy when the load is decelerating or lowering, and reinjecting the 
stored energy to assist with accelerating and raising the load. Caterpillar’s 6120B H FS shovel 
makes use of electrolytic double-layer capacitors (EDLC) (Maxwell Technologies, 2013) to 
reduce fuel cost by 25% (Caterpillar, 2012a). Ricardo’s hybrid excavator uses a hydraulic drive 
flywheel storage system to reduce fuel consumption by 10-30% (Morey, 2013), while an 
electromechanical flywheel (EMFW) storage system, used in a mobile gantry crane, potentially 
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reduces fuel consumption by 20% (M. M. Flynn et al., 2008). Komatsu Mining Corp. claims 
the flywheel based storage system, integrated into the drive system, improves fuel consumption 
of their newly developed 18 HD wheel loader by 20% (Komatsu Mining Corp, 2017). These 
existing applications suggest that significant fuel savings can result from installing an ERS, and 
that non-chemical-battery energy storage technologies may be the more appropriate technology 
for this application. 
This chapter presents and follows a framework for identifying and evaluating an energy storage 
technology that could be beneficially used for the recovery and re-use of recoverable potential 
or kinetic energy on board DEMHT. The required steps can be summarised as: (i) Identify a set 
of operating parameters for a representative DEMHT and haul route, (ii) Use these parameters 
to characterize the requirements for an ERS in terms of energy, power and cycle requirements, 
(iii) Evaluate the technical feasibility of different energy storage technologies using the 
developed requirements and the impact on payload, (iv) Use simulation to verify the approach 
taken, and (v) Identify the most promising solution(s) and provide an initial assessment of 
economic viability. 
The structure of the chapter is as follows: Section 3.2 outlines the problem, its implications and 
technical requirements; Section 3.3 considers candidate storage technologies with a particular 
focus on EMFW energy storage; Section 3.4 describes the working of the simulation model and 
inputs; Section 3.4.3 presents the results obtained from the simulation model incorporating the 
use of different ERS technologies in a mine a hundred metres deep and the fuel savings potential 
of the various ERS in mines of different depths. The section also highlights the implications of 
having an under- and over-sized ERS based on EMFW installed and presents results of an initial 
investigation of cost implications and service life. Section 3.5 provides a summary of the 
different technologies’ potential to satisfy DEMHT requirements and improve fuel efficiency. 
Section 3.6 contains a summary and concluding remarks. 
3.2  Problem Characteristics and Requirements 
An ERS, consisting of an energy storage device and some appropriate power conditioning and 
control equipment, can be directly integrated into the existing DEMHT electrical system. The 
existing electric drive system (solid lines in Fig. 3.1) has a similar structure to a series-topology 
hybrid electric vehicle (Sciarretta & Guzzella; Tie & Tan), though it lacks the energy storage 
and has a resistor grid (rated at up to 4750 kW (Caterpillar, 2013)) to dissipate power generated 
while braking. The dashed lines in Fig. 3.1 show how the proposed ERS could be installed 
across the DC link, in parallel to the rectifier, and the braking resistor grid including the braking 
chopper. Here, it will be able to both extract power from the DC link and inject power into the 
DC link.   
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Figure 3.1 Typical AC DEMHT drive arrangement (based on concept reflected by Siemens 
(2009)). Solid lines show typical configuration, dashed lines show envisaged ERS interface.  
 
The key technical requirements for the ERS are the required charge/discharge rate, the required 
energy storage capacity, and the cycle life. Satisfying these demands may not be sufficient to 
guarantee success of the ERS. It is also important to consider how the ERS will impact mining 
operations preferably with no impact on productivity and acceptable performance in the often-
harsh mining environment. 
 
Figure 3.2 Positive force directions with truck on 
uphill grade 
 
 
 
 
3.2.1  Fundamentals of calculating 
energy flow rates and quantities 
for MHTs 
To determine energy flows and power requirements, we use a single dimension vehicle 
dynamics method (Fig. 3.2), as discussed by Guzzella and Sciarretta (Guzzella & Sciarretta, 
2013). The truck’s longitudinal motion is described by 
 𝒎𝒗
𝒅
𝒅𝒕
𝒗𝒗(𝒕) = 𝑭𝒕(𝒕) − (𝑭𝒓(𝒕) + 𝑭𝒈(𝒕) +  𝑭𝒂(𝒕) + 𝑭𝒃(𝒕)), (3.1) 
where mv is the mass of the vehicle and load, vv(t) is the vehicle velocity as a function of time 
(t), Fr(t) is the rolling resistance, Fg(t) is the force caused by the grade and Fa(t) is the 
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aerodynamic resistance. Fb(t), the braking force and, Ft(t) the traction force do not act 
simultaneously. For the diesel-electric drive system, Ft(t), is provided by the in wheel electric 
motors powered by an on-board diesel generator. The power produced by the diesel generator 
is reduced by energy conversion losses (in the AC-generator, rectifiers and vector drive 
inverters), transmission losses (in electrical cables), and friction losses in the power train (such 
as in wheel motors and planetary gearing), occurring between the generator and the wheels. 
This reduces the maximum traction force available at the wheels to accelerate or drive the truck 
up ramp while fully loaded. At lower speeds the traction force is limited by system parameters. 
The traction force is expressed as a function of truck speed and engine power as described by 
(3.2) and shown in Fig. 3.3. 
 𝐹𝑡(𝑣𝑣(𝑡))  = 𝑚𝑖𝑛 [(𝐹𝑡,𝑚𝑎𝑥), (
η𝑐𝑜𝑚∗𝑃𝑒𝑛𝑔(𝑡)
𝑣𝑣(𝑡)
)]  (3.2) 
Efficiency between engine and DC link and between DC link and wheels, respectively, denoted 
gen and drv, are not fixed in practice and vary depending on the operating point. In this work 
it is assumed to be constant with gen and drv, respectively, assumed to be 95% and 85%4 from 
parameters given in Mazumdar et. al. (Mazumdar, Köllner, & Moghe). The combined drive 
system efficiency (com) is the product of gen and drv and thus equals 80.75%. 
 
Figure 3.3 Traction and brake force available at the wheel 
Note: Traction at the wheel results from engine power (Peng) assumed to be 2390 kW and brake 
force results from reverse torque of traction motors working as generators with Prec = 1390 kW 
as explained in Section 3.2.3. Ft,max and Fb,min were determined using data from Caterpillar 
(2013) 
For a DEMHT, the rolling resistance is typically expressed as a percentage of the weight 
(normal force) of the truck and a value of 2% assumed (Caterpillar, 2015; Fiscor, 2013; Ghojel, 
                                                 
4 A more comprehensive explanation is included in Appendix B.1.2  
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1993; Parreira, 2013). For a given loading condition, the term Fr(t) becomes independent of 
time. Thus, 
 𝐹𝑟 = 0.02𝑚𝑣𝑔𝑐𝑜𝑠𝜃, (3.3) 
where ‘g’ is the gravitational constant, assumed to be 9.81 m/s2 and θ is the ramp angle. It has 
to be kept in mind that Fr is a reaction force. While forces tending to move the truck are less 
than or equal to the maximum value that Fr can have as given by (3.3) the truck will not move. 
Once the resultant external forces (primarily resulting from Ft and/or Fg) exceed that threshold 
the truck could start moving. 
The force acting on a truck resulting from driving on a ramp is given by 
 𝐹𝑔 = 𝑚𝑣𝑔𝑠𝑖𝑛𝜃. (3.4) 
A ramp angle of 10% is often targeted on mine sites (Caterpillar; Fiscor; Ghojel; Parreira). 
Using the small angle approximations (sinθ≈θ and cosθ≈1) for this ramp angle (descending into 
the pit), (3.3) and (3.4) are, respectively, simplified to 
 𝐹𝑟 = 0.02𝑚𝑣𝑔, and (3.5) 
 𝐹𝑔 = 0.10𝑚𝑣𝑔. (3.6) 
Equations 3.1, 3.5 and 3.6 form the basis of calculations in the following sections that aim to 
establish the basic requirements for a DEMHT ERS. For all these calculations, except where 
otherwise specified or clear from the context, typical rolling resistance force is assumed to be 
2% of the truck weight and ramp angle is assumed to be 10% ( = 5.71°). The aerodynamic 
drag Fa(t) was found to be relatively insignificant due to low operational speeds. At 30 km/h it 
is approximately 5% of the value of the rolling resistance. To avoid the complication of a non-
linear speed dependent variable that has very little effect, Fa(t) is neglected in the discussion in 
the remainder of Section 3.2 and in Section 3.3. It is appropriately incorporated in the 
simulation model discussed in Sections 3.4 and the Results of Section 3.4.3 and is determined 
using (3.7) with variables Cd,  and A respectively assumed to be 0.9, 1.2 kg/m3 and 70 m2; 
 𝐹𝑎 = 0.5𝐶𝑑𝜌𝐴(𝑣𝑣(𝑡))
𝟐. (3.7) 
 
3.2.2  Recovering potential energy from descen ding a ramp (kWh) 
Assuming none of the potential energy is converted to kinetic energy, implying that the truck’s 
ramp exit speed is the same as ramp entry speed with negligible variation in speed in between, 
the available potential energy that can be recovered to the DC link is given by 
 𝐸𝑝𝑜𝑡,𝑟𝑒𝑐 = η𝑑𝑟𝑣 ∫ 𝑚𝑎𝑥[𝐹𝑔(𝑥) − 𝐹𝑟(𝑥), 0]𝑑𝑥,
𝑠
0
 (3.8) 
where x is the distance along the descent, s is the total descent distance. The recovery efficiency 
that captures mechanical and electrical losses between the wheels and the DC link and is 
assumed to be the same as the drive system efficiency (drv) which was assumed to be 85%. 
For this characterisation, it is assumed that the truck mass, ramp gradient, and rolling resistance 
are consistent across the descent, which results in a simplification of (3.8) to 
 𝐸𝑝𝑜𝑡,𝑟𝑒𝑐 =  𝑑𝑟𝑣(𝐹𝑔 − 𝐹𝑟)𝑠. (3.9) 
Equation 3.9 assumes that the ramp angle is sufficiently steep that Fg>Fr. Note that (3.8) and 
(3.9) are independent of descent speed. 
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Figure 3.4 Recoverable potential energy expressed as percentage of theoretical maximum (left 
hand vertical axis) and physical amount per m vertical descent (right hand vertical axis) as it 
varies with rolling resistance (in range 0 to 6%) and ramp gradient (0 to 14%) 
Figure 3.4 shows the amount of energy recoverable to the DC link per metre of vertical descent 
from an empty haul truck of 250 t EVM, as influenced by different combinations of rolling 
resistance and gradient of the pit access ramp. Higher rolling resistance substantially reduces 
recoverable energy while greater ramp angles favour recoverable energy. On a ramp of 10% 
gradient and a rolling resistance of 2% (accentuated on the 2% curve in Fig. 3.4), energy 
expected to be returned to the DC link is calculated as 1667 kJ/m vertical descent [463 Wh/m]. 
This equates to a recovery of 68% of the theoretical potential energy of 2452 kJ/m [681 Wh/m]. 
3.2.3  Required energy absorption rate (kW) 
DEMHTs primarily use their dynamic brake systems to slow down or restrain the truck on ramp 
descents. It does this by operating the wheel motors as generators and the generated power is 
dissipated as heat using fan-cooled resistor grids. To maximise energy recovery, the ERS must 
be able to sink (or capture) the recovered energy at the produced rate. Any excess power would 
be lost as heat through the resistor grids. Assuming a constant down-ramp speed, (3.1) can be 
appropriately rewritten and Prec (the rate at which energy is recovered to the DC link through 
the dynamic brake system), can be determined as, 
 𝑃𝑟𝑒𝑐 = 𝑑𝑟𝑣𝐹𝑏𝑣𝑣 = 𝑑𝑟𝑣(𝐹𝑔 − 𝐹𝑟)𝑣𝑣  . (3.10) 
Equation 3.10 shows that Prec increases with the steepness of the gradient (through Fg), and is 
a linear function of the descent speed. For a descent with 10% gradient, 2% rolling resistance 
and a typical permissible downhill speed of 30 km/h the required energy absorption rate of the 
ERS, which equals Prec, is 1390 kW.  
3.2.4  Recovering kinetic energy (kWh ) 
The ERS would also be able to recover kinetic energy when the truck uses the dynamic braking 
system to slow the truck down such as to comply with the reduced speed limits of certain sectors 
of the haul route or when slowing down to stop. While kinetic energy could be recovered during 
0
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ramp descent the potential-kinetic energy exchange would be minimal if the truck’s ramp 
descent speed is tightly controlled. This section therefore focuses on the recovery of kinetic 
energy during flat haul. The rate at which energy returns to the DC link will depend on the 
efficiency of the system, the deceleration rate, the current vehicle mass and the speed of the 
truck at any instant, and is given by  
 𝑃𝑟𝑒𝑐(𝑡) = 𝑑𝑟𝑣𝐹𝑏(𝑡)𝑣𝑣(𝑡) (3.11) 
To maximise energy storage, the recovery rate needs to be limited to the ERS recovery power. 
The maximum useable brake force Fb(t) then becomes Fb,rec(t), which, at lower speeds, is still 
limited by drive system parameters (evident from the brake rim-pull curves in Caterpillar (2013) 
and Liebherr (2014) but at higher speeds should be limited by the maximum energy absorption 
rate, Prec, of the ERS. The useable brake force as influenced by truck speed is thus given by 
 𝐹𝑏,𝑟𝑒𝑐(𝑡)  = 𝑚𝑎𝑥 [(𝐹𝑏,𝑚𝑖𝑛), (
𝑃𝑟𝑒𝑐
𝑑𝑟𝑣∗𝑣𝑣(𝑡)
)] . (3.12) 
Figure 3.3 shows how Fb,rec changes as a function of speed for Prec = 1390 kW. However, the 
dynamic braking power for a 250 t EVM truck could be as high as 4750 kW (Caterpillar, 2013), 
and any braking power higher than the maximum recovery power will cause energy to be 
dumped into the resistor grids. Assuming the driving style and braking rate is adapted such that 
no energy is diverted to the resistor grids, the amount of energy that can be recovered during a 
braking event on level ground, can be determined using 
 𝐸𝑘𝑖𝑛,𝑟𝑒𝑐 = η𝑑𝑟𝑣 ∫ 𝐹𝑏,𝑟𝑒𝑐(𝑡)𝑣𝑣(𝑡)𝑑𝑡.
𝑇
0
 (3.13) 
Table 3.1 compares the amount of recoverable kinetic energy that can be returned to the DC 
link by stopping a loaded truck of 570 t mass from an initial speed of 45 km/h for different ERS 
recovery power ratings. Doubling the power rating from that calculated for the ramp decent in 
Section 3.2.3 only results in a small increase in captured kinetic energy, suggesting that the 
ERS should be sized for potential energy not kinetic energy recovery. The energy captured is 
equivalent to the amount of energy recoverable from descent into a 14.7 m and a 17.6 m deep 
pit, respectively, meaning that, particularly for shallow pits, the capture of kinetic energy is 
significant. 
Table 3.1 Values for kinetic energy recovery to the DC link 
Prec 
[kW] 
Ekin 
[MJ (kWh)] 
Ekin,rec 
[MJ (kWh)] 
Ekin,rec/Ekin 
% 
Equivalent  
descent [m] 
1390 44.5 (12.4) 24.5 (6.81) 55.0 14.7 
2780 44.5 (12.4) 29.5 (8.19) 66.2 17.7 
Values reflect slowing the loaded truck from a speed of 45 km/h on level ground, 
Equivalent descent is based on 1667 kJ/m [463 Wh/m] (See Section 3.2.2) 
 
3.2.5  Required cycle life  
Depending on assumptions about truck cycle time, pit depth, and truck utilization, a DEMHT 
could perform several thousand (Lang (2010) uses six thousand) descent-load-ascend-dump 
cycles per annum. For an ERS with storage capacity matched to a specific mine depth, each of 
the cycles would involve the full charge of the ERS on descent, and the full discharge of the 
ERS on ascent. The storage device will therefore be required to perform an equal number of 
charge-discharge cycles per annum. This does not include additional charge-discharge micro-
cycles, which would occur several times during each haul cycle due to slowing the truck down 
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using regenerative braking. The storage device in the ERS system should, therefore, be capable 
of a high number of cycles or it should be inexpensive and easy to replace. 
3.2.6  Implications of mining operations on ERS sizing and selection  
DEMHTs are designed to remove as-large-as-possible payloads from mining pits as quickly 
and efficiently as possible (Moore, 2014), and any increase in mass of the empty truck (such as 
the addition of an ERS) will result in a corresponding reduction of the payload. The mass of the 
storage system is primarily determined either by the energy release rate of the application and 
the specific power (W/kg) of the chosen technology or, the required energy storage capacity of 
the application and the specific energy (J/kg or Wh/kg) of the chosen technology. A technology 
leading to an excessively heavy storage system, due to its low specific power or specific energy, 
can potentially negate the fuel savings potential. Since the ERS repeatedly captures and re-uses 
energy, it should reduce the amount of fuel that needs to be carried. Such a reduction of the fuel 
mass would counteract the additional mass of the ERS. Although the necessity for the resistor 
grid may be significantly reduced, its removal to provide a further mass reduction is not 
envisaged as it would provide the back-up braking capacity if the ERS should fail or reach full 
storage capacity during operation.5 The sizing of an ERS is further complicated by continual 
changes to the haul cycle over the truck’s operational life. These changes lead to the effective 
depth of the haul route taken by the truck varying significantly over its life. A mismatch 
between haul route and ERS does not provide an optimal level of energy recovery. If an ERS 
is too small, only part of the energy can be captured during deep descents reducing fuel savings 
potential. If the ERS is oversized, it unnecessarily impacts payload, leading to reduced 
productivity. Ideally, the storage capacity of the ERS would be able to be modified to match 
the recoverable energy for the present haul route. The ability to easily and affordably decrease 
or increase the ERS storage capacity to better match current requirements, using a modular 
design, for instance, could be highly beneficial.  
 
3.3  Candidate Energy Storage Technologies and Their Potential for 
Beneficial  Use in Mine Trucks 
The predominant energy storage technology used in hybrid electric and all electric mobile 
applications is chemical batteries (BYD, 2014; Tesla Motors, 2015; Voelcker, 2014). However, 
alternatives such as super or ultra-capacitors (Burke & Miller, 2011; Maxwell Technologies; 
Millikin, 2007), and electromechanical flywheels (Caprio, Murphy, & Herbst, 2004; Hearn et 
al., 2007) are gaining favour in certain applications. This section of the chapter focuses on 
determining the most suitable ERS technology that can provide the required recovery power, 
Prec of 1390 kW determined and storage capacity requirement Erec of 166.7 MJ [46.3 kWh] (as 
determined for a 100 m descent) determined in Section 3.2.2, while offering an appropriate 
cycle life. The key metric in determining the most suitable technology (given satisfaction of the 
cycle life requirements) is the mass of the ERS, as each kilogram of ERS corresponds to a 
kilogram reduction in maximum payload. In Table 3.2, we compare a selection of chemical 
                                                 
5 A Caterpillar representative confirmed that the gross mass of the resistor grid (or electric retarder) for the 
Caterpillar 795 F-AC approaches 1700 kg. Considering the mass and the fact that in an adequately sized ERS with 
sufficiently high reliability could result in an excessive level of redundancy, it may be possible to reduce grid 
capacity or completely remove the resistor grid. This could partly compensate for ERS mass impact on payload. 
The implication of changes in the effective mass of ERS (determining total impact on payload) for LFP battery 
technology is discussed in Section 7.3.2. 
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batteries, EDLC’s and Li-ion capacitors (LIC’s) for the 100 m pit case study. In Table 3.3 and 
Table 3.4, we provide information on the characteristics and expected sizes of EMFWs.  
The effective mass of an ERS is higher than what would be expected from the cell-based 
specific energy or specific power of the storage device typically stated in the literature. This is 
primarily due to the omission of the mass of essential ancillary equipment such as casing and 
power convertors. For example, the ‘DryLyte’ battery has a cell specific energy (SEcell) of 
220 Wh/kg (Mueller, 2015), however, the effective specific energy, once installed in a module 
(SEmodule) is 130 Wh/kg (SEEO, 2014). For the Maxwell BCAP3000 P270 ultra capacitors SEcell 
is 6 Wh/kg (Maxwell Technologies, 2014a) but SEmodule is 2.3 Wh/kg (Maxwell Technologies, 
2014a). Equations 3.14 and 3.15 estimate two useful ratios based on this information. Where 
needed, due to a lack of published data, these ratios are used to provide estimates of the specific 
energy (indicated in Row 5 of Table 3.2) and specific power (indicated in Row 9 of Table 3.2) 
of some chemical battery (Bat) and ultra-capacitor (Cap) modules based on available cell based 
specifications,   
 𝑆𝐸𝑟𝑎𝑡𝑖𝑜(𝐵𝑎𝑡) =
𝑆𝐸𝑚𝑜𝑑𝑢𝑙𝑒(𝐵𝑎𝑡)
𝑆𝐸𝑐𝑒𝑙𝑙(𝐵𝑎𝑡) 
= 0.591 (3.14) 
 𝑆𝐸𝑟𝑎𝑡𝑖𝑜(𝐶𝑎𝑝) =
𝑆𝐸𝑚𝑜𝑑𝑢𝑙𝑒(𝐶𝑎𝑝)
𝑆𝐸𝑐𝑒𝑙𝑙(𝐶𝑎𝑝) 
= 0.383. (3.15) 
(Note to Table 3.2: NaNiCl2 – Sodium Nickel Chloride; LiFePO4 – Lithium Iron Phosphate; 
NCA (or LiNiCoAlO2) – Lithium Nickel Cobalt Aluminium Oxide; Li-S – Lithium Sulphur; 
EDLC – Electrolytic Double-Layer Capacitor; LIC – Lithium-ion Capacitors. Although 
batteries can be charged at higher rates than indicated in Row 9, that tends to reduce cycle life 
(Broussely, 2010; Wang et al., 2011), and leads to notable decreases in efficiency as is evident 
from test data in Burke and Miller (2011). Information marked * are best estimates based on 
available/accessible information. Values in Row 9 are the products of values in Rows 5 and 8 
of corresponding columns. Row 12 shows the storage capacity of a system that will satisfy the 
more demanding of energy storage rate and energy storage capacity. Values reflected in Table 
3.2 are meant to be indicative of performance only. Where data from specific supplier brochures 
are used this is done with the intent of providing useful information and is not implied as a 
guarantee of performance from such suppliers.)  
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Table 3.2 A selection of energy storage technologies’ characteristics and implications for use in mine haul truck ERS 
 a. b. c. d. e. f. g. h. 
1.  Units NaNiCl2 LiFePO4 NCA Li-S EDLC LIC 
2. 
Example of Use or Test 
Application 
- 
Railway, 
GE Scoop(Donahue, 2013) 
BYD All Electric Bus,  
Fisker Karma 
Tesla 
Portable/ 
Military 
Cat 6120 B 
FS Shovel 
Railway 
3. 
Example of Prominent or Sole 
Research Organisation or 
Manufacturer 
- 
FIAMM(FIAMM, 2016), 
General 
Electric(Donahue, 2013) 
(Durathon) 
a123(A123, 2012b)  
(Nano Phosphate) 
Panasonic(Panasonic, 
2012a) 
(NCR) 
Oxis(OXIS, 2014), 
Sion 
Maxwell(M
axwell 
Technologies, 
2014a) 
JSR 
Micro(Burke & 
Miller, 2011) 
4. Specific Energy (Cell) Wh/kg 120(Tie & Tan) 131(A123, 2012b) 225(Panasonic, 2012a) 300 (OXIS, 2014) 
6.0(Maxwell 
Technologies, 
2014b) 
12.1(Burke & 
Miller, 2011) 
5. Specific Energy (Module) Wh/kg 80(FIAMM, 2016) 76.9(A123, 2012b)(Eq.3.13) 132(Tesla Motors, 2015) 
176(OXIS, 
2014)(Eq.3.13) 
2.3(Maxwell 
Technologies, 
2014a) 
4.64(Burke & 
Miller)(Eq. 3.14) 
6. Energy Storage Required kWh 46.3 46.3 46.3 46.3 46.3 46.3 
7. Mass (Energy Storage based) kg 579 602 351 263 20,131 9978 
8. E-rate (Charge rate/E-storage) h-1 0.50*(Veneri et al., 2017) 1.0(A123, 2012b) 0.50(Panasonic, 2012a) 
0.50(Song, Zhang, & 
Cairns, 2013) 
95.2(Burke & 
Miller, 2011)* 
40.9(Burke & 
Miller, 2011)* 
9. 
Specific Power 
(Module - charging) 
W/kg 40.0 76.9 66.0 88.0 219.0 189.7 
10. Charge rate required kW 1390 1390 1390 1390 1390 1390 
11. 
Mass  
(Charge rate based) 
kg 34,750 18,087 21,061 15,795 5890 7326 
12. 
Minimum Energy Storage 
Capacity 
kWh 2780 1390 2780 2780 46.3 46.3 
13. Service Life Cycles 
1000(IEC, 2011) – 
3500(General_Electric, 2015) 
3000(A123, 2012b) to 83% 
EOL 
500(Panasonic, 2012a) 
to 80%EOL 
500 to 
1500(Song et al., 
2013) to 42%EOL 
106 (Maxwell 
Technologies, 
2014a) 
106 (Banas & 
Peterson, 2012) 
14. 
Life cycle test conditions 
 (if available) 
DOD 
Charge/ 
Discharge 
3000 to 
80% DOD(FIAMM, 2016) 
100% DOD(A123, 2012b) 
 +1C/ 
-2C @23°C 
100% 
DOD(Panasonic, 
2012a)+0.5C/-1C 
@25°C 
100% DOD(Song 
et al., 2013) 
+0.5C/ 
-1C@?°C 
- - 
 33 
 
3.3.1  Chemical batteries, EDLCs and LICs  
Table 3.2 shows the characteristics of a selection of energy storage technologies and their 
implications in terms of mass required for use in a mine haul truck ERS. Values included in 
Table 3.2 reflect a combination of specific energy and specific power for each technology 
applicable during charging. Charge power capacity of storage devices is generally lower than 
the discharge power capacity (A123, 2012b; Burke & Miller, 2011; Panasonic, 2012a). In 
practice small changes in cell chemistry or structure, charge and discharge rates, temperatures 
and depth of discharge (DOD) have a distinct impact on the practically achievable values of 
efficiency, specific energy, specific power, energy density, power density and cycle life (de 
Guibert, 2013; Masih-Tehrani et al., 2013; Wang et al., 2011). However, this preliminary study 
uses indicative values and does not consider these variations. 
When the required minimum mass of the energy storage system is based on the required energy 
storage capacity, chemical batteries appear to provide a solution that is surprisingly light as 
indicated Table 3.2 Row 7. Such a light battery system will not, however, be able to absorb 
energy at the rate required without overheating and giving a very short service life. Salasoo 
(2004) points out that, in the context of chemical batteries, it is the charge rate that determines 
the storage system capacity for mine haul trucks. When the required mass is calculated as 
determined by the required energy absorption rate of 1390 kW, the chemical battery-based 
solutions become excessively heavy at 15,795 kg or more (Table 3.2 Row 11). For LiFePO4 
technology (which provides a good combination of cycle life and charge rate for chemical 
batteries) the solution is likely to weigh about 18,100 kg. While this mass will have a significant 
impact on the payload, being oversized by a factor of about 30, it will inherently provide a 
large storage capacity which, at 1667 kJ/m [463 Wh/m], should in theory be sufficient for any 
depth of mine down to 3000 m deep. The depth of charge-discharge will inevitably be affected 
by the depth of mine but even considering depths to 420 m will imply a DOD of 14% and to 
100 m a mere 3.3%. These values will naturally vary slightly as a result of recovering kinetic 
energy in addition to potential energy and variation of truck EVM due to changes in the ERS 
mass. Using an approximation of the results from Wang et al. (2011) and the cycle life of 3000 
at 100% DOD (See Table 3.2 Rows 13 and 14) these equate to approximately 21 400 and 
90 000 charge-discharge cycles at DOD of 14% and 3.3%, respectively.  
Considering the low DOD values the implications on battery service life will be re-considered 
once the cycle duration and number of cycles as influenced by the depth of mine is determined 
as part of the simulation in Section 3.4. For EDLC and for LIC solutions, where the energy 
storage capacity is the limiting factor, solutions for a 100 m deep descent is expected to weigh 
20 131 kg and 9978 kg, respectively. Considering all the technologies presented in Table 3.2 
and their expected impact on payload, LIC’s seem to be the more likely to provide a beneficial 
ERS also offering cycle life significantly better than all but the EDLCs. 
3.3.2  Electromechanical f lywheels (EMFWs) 
EMFWs store energy as the kinetic energy of a rotating flywheel. A motor-generator speeds 
up and slows down the rotating flywheel to store and extract energy (Aneke & Wang, 2016; 
Onar & Khaligh, 2015). The motor-generator is connected to the DC link through a bi-
directional inverter. Flywheels are capable of exceptionally high cycle life (Onar & Khaligh) 
(at least an order of magnitude greater than that of the best chemical batteries) and can be 
designed for high power delivery and recovery rates. However, their specific energy values do 
not compare favourably with high-quality chemical batteries, as they are limited by the 
maximum allowable rotor speeds. Specific energy values of between 10 and 30 Wh/kg are 
given in IEC (2011) and can be calculated from information in Werst (2010). Unfortunately, it 
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is not clear whether the mass of needed auxiliary equipment is reflected in the quoted mass 
values. Compared to other energy storage technologies, flywheels tend to lose stored energy 
more quickly. However, high performance flywheels have spin down times between 34 and 93 
hours (Hearn, 2013). These times are dependent on the quality of the vacuum and the bearings 
used, with magnetic bearings performing better than roller bearings. Flywheels using roller 
bearings have an energy loss rate of approximately 21% per hour (Hearn et al., 2007). With the 
cycle times of the haul trucks being in tens of minutes, the self-discharge loss of high-
performance flywheels is expected to be small over the duration of a cycle, but it may not be 
negligible when the design uses roller bearings.  
Flywheel energy return efficiency values have been quoted as 85% in Beacon Power (2014a), 
which includes two power conversion processes on each of the storage and return stages 
(Beacon Power, 2014b). On DEMHT one of these power conversions will be avoided from the 
DC link to the flywheel storage so we expect a higher return efficiency.  
There is a perception of danger associated with flywheels aggravated by news reports of 
flywheel-related failures (10 News Digital Team, 2015; Nearing, 2011). What appears to be 
less well known is that a significant number of flywheel storage applications have been safely 
in use for many years (Hansen & O'Kain, 2011). To minimise risk and ensure responsible and 
safe development of the technology a number of approaches discussed in some detail in Hansen 
and O'Kain (2011) including “absolute containment” should be considered, as is done by 
research organisations such as Ricardo (Wheals et al., 2015).  
Flywheels are attractive for applications where a long service life with frequent charge-
discharge cycles at high power are some of the key drivers of the design solution. A mine haul 
truck is such an application. 
In contrast to chemical batteries and ultra-capacitors, the ratio between specific power and 
specific energy for EMFW can be varied during the design stage (Table 3.3 Row 10). 
Specifically, varying the mass moment of inertia or maximum rotational speed of the rotating 
mass enables manipulation of the storage capacity, while changing the design of the motor-
generator and power conditioning hardware change the charge and discharge power rating. For 
an ERS on a mine haul truck, the required charge/discharge rates do not change with pit depth, 
essentially fixing the motor-generator and inverter mass. However, the required storage to 
recover all available potential energy increases proportionately with depth. Hence, the ideal 
ratio between specific energy and specific power increases as the depth of the mine increases. 
To size a minimum mass flywheel for given depth, it is necessary to find an appropriate match 
of the specific energy and specific power of the flywheel ERS. We evaluated existing designs 
from the University of Texas at Austin’s Center for Electromechanics (UTA CEM) 
summarised in Werst (2010) to suggest some trends which could be used to provide 
approximate minimum mass values. The flywheels are the NASA- (Hebner, Beno, & Walls, 
2002), ALPS- (Caprio et al., 2004; Herbst, Caprio, Gattozzi, & Graf, 2005) and ATB- (Hayes 
et al., 1999; Hayes et al., 2003) flywheel designs. Table 3.3 shows the specific energy and 
specific power calculated from information in Werst (2010). Assuming that the torque 
characteristic of the motor-generator is relatively constant across the operating range, the 
torque-limited power would vary between 50 and 100%. As a result, the rated power reflected 
in Table 3.3 was assumed to be only 50% of the peak power values. In the Ragone plot in 
Fig. 3.5 the specific energy and specific power characteristics of the three UTA CEM flywheel 
designs are plotted with those of other energy storage technologies. 
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Table 3.3 A selection of flywheel designs and the parameters of a concept design for use in a 
100 m deep mine 
 
a. b. c. d. e. f. 
1   Units Existing Designs Conceptual 
design 
2 Example of Use or Test 
Application 
 
NASA(Hebner 
et al., 2002) 
ALPS(Caprio 
et al., 2004; Herbst 
et al., 2005) 
ATB(Hayes et 
al., 1999; Hayes 
et al., 2003) 
100m mine 
3 Example of Prominent or 
Sole Research Organisation 
or Manufacturer 
 
University of Texas at Austen 
Center for Electromechanics - 
4 Design Mass kg 113.4(Werst, 
2010) 
8618(Werst, 
2010) 
204(Werst, 
2010) 
4574 
5 Peak Power kW 5(Werst) 2000(Werst) 150(Werst) - 
6 Rated Power (50% of Peak) kW 2.5* 1000* 75* 1390 
7 Energy storage Capacity kWh 3.6(Werst) 133(Werst) 1.9(Werst) 46.3 
8 Specific Energy (System) Wh/kg 31.7* 15.4* 9.31* 10.12 
9 Specific Power (System – 
charging or discharging) 
W/kg 22.1* 116.0* 367.6* 303.9 
10 E-rate (Charge rate/E-
storage capacity) 
h-1 0.69* 7.52* 78.9* 30.0* 
11 Service Life  Cycles - - - 100 000 + 
Information marked with * are best estimates based on accessible information. 
On the Ragone plot two trends can be observed for the three flywheel designs reflected in Table 
3.3. The specific energy decreases marginally as the specific power increases, and the three 
flywheels almost sit on a straight line on the log vs. log scale plot which implies approximating 
an exponential relationship. Fitting a curve to these data points gives specific energy EWh/kg of 
a flywheel-based energy storage system as a function of its specific power PW/kg. This function 
is given by 
  𝐸𝑊ℎ/𝑘𝑔 = 122.369𝑃𝑊/𝑘𝑔
−0.43595569
. (3.16) 
In this chapter, it is assumed that the power rating for charge and discharge for a particular 
flywheel design is the same. The validity of this assumption is supported by information from 
Beacon Power (Beacon Power). Using (3.16), it is possible to determine an approximate mass 
of the lightest flywheel based ERS capable of providing the energy storage power and energy 
storage capacity requirements as it varies for different depths of mine. Values appropriate for 
the generic 250 t EVM truck are reflected in Table 3.4. In Fig. 3.5 the position of a flywheel 
based ERS design providing the 46.3 kWh as needed for a 100 m pit is indicated as ‘100 m 
FW’ and its mass is given as 4574 kg in Table 3.4. We used the other data points in Table 3.4 
to generate the dashed line denoted ‘EMFW’ in Fig. 3.5. The line suggests the range of flywheel 
designs that would satisfy the spectrum of surface mine depths currently mined across the 
world.  
At 4574 kg the EMFW based ERS is substantially lighter than that based on LiFePO4, EDLC 
and LIC technologies for a 100 m pit application. It is expected that, with appropriate design 
or through a service life extension involving appropriate replacement of low-cost elements such 
as bearings, it would be possible to match the required cycle life. 
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Table 3.4 Flywheel 
ERS characteristics as 
determined by pit depth 
for a 250 t EVM truck 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Specific energy and 
specific power (charging), of a 
selection of energy storage 
technologies. 
EMFW (produced plotting the 
data from Table 3.4) reflects the 
mass dependent characteristics of 
a series of flywheel designs each 
designed to provide the best 
combination of specific power 
and specific energy for different 
depths of mine. High specific 
power and lower specific energy 
(to the lower right of the curve) is 
required for shallow mines while 
the lower specific power and 
higher specific energy is required 
for deeper mines. 
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3.4  Simulation Study of Mine Haul Truck with ERS Fitted to Assess Fuel 
Savings Benefit  
3.4.1  Modelling, simulation and input parameters  
Simulation provides a cost effective and flexible way to evaluate the effect of an ERS on truck 
fuel consumption. We, therefore, developed an appropriate simulation program using the 
Python programming language. Appendix A gives a description of the main parts of the 
simulation program and high-level description of its operation. The simulation program allows 
one to input and vary truck characteristics, storage device characteristics, haul route 
information and related parameters. It is based on the approach presented in Chapter 2 of 
Guzzella and Sciarretta (2013) and uses Euler integration with (3.1, 3.2, 3.5, 3.6, 3.7 and 3.12) 
to model the linear motion of the truck. A small step size, dt, of only 0.01 s is used in the 
simulation to improve accuracy. The model also determines energy flows in the truck using 
(3.17) when descending a ramp (at constant speed) and (3.18) when decelerating on flat 
sections of a haul route. Variables are as defined in Section 3.2. 
 ∆𝐸𝑝𝑜𝑡,𝑟𝑒𝑐 = η𝑑𝑟𝑣𝐹𝑏,𝑟𝑒𝑐(𝑡)𝑣𝑣(𝑡)𝑑𝑡 (3.17) 
 ∆𝐸𝑘𝑖𝑛,𝑟𝑒𝑐 = η𝑑𝑟𝑣𝐹𝑏,𝑟𝑒𝑐(𝑡)𝑣𝑣(𝑡)𝑑𝑡 (3.18) 
While executing a haul cycle, a truck can be in one of six primary operational states or modes. 
The states are: a) being stationary with the engine running (such as at the loading device or 
dump); b) accelerating to attain target speed on level ground; c) maintaining a constant speed 
on level ground; d) decelerating on level ground; e) maintaining a constant target speed while 
descending the ramp; or f) ascending the ramp under full power. For a real truck operating on 
a real haul cycle, these states can change often and quickly. For the simulation, it is assumed 
that each of these states lasts for some time.  
In addition to providing propulsion power, the engine also powers a number of auxiliary 
systems. In this research, the power draw for auxiliary services is denoted Paux and it is assumed 
to demand a constant power draw at the flywheel of the engine of 146 kW while the engine is 
running. In the simulation program, it is assumed that the maximum traction force, determined 
using (3.2), is used when accelerating or ascending the ramp, with  
Peng = 2390 kW at the engine’s flywheel. Some of the energy produced is lost due to generator 
(gen) and drive system (drv) inefficiencies (as per (3.2)), in overcoming rolling resistance (3.4) 
and air resistance (3.6). The remainder of the energy is stored in the vehicle by virtue of its 
mass, either as kinetic energy through increased speed of the truck  
(Ekin = 0.5mv(v22 - v12)) or as potential energy due to an increase in elevation (h) of the truck  
(Epot = mvg(h2 - h1)), or a combination of both.  
When the truck is decelerating or descending into the pit, an opportunity arises to recover some 
of the energy stored in the truck by using the dynamic brake system to apply a braking force to 
decelerate or restrain the vehicle. The amount of energy returned to the DC link is reduced by 
drive system (drv) inefficiencies, overcoming rolling resistance (as defined by (3.4) and some 
air resistance (3.6). 
The rate at which an ERS can store energy from the DC link is the product of the particular 
technology’s specific power (as reflected in Table 3.2 Row 9 for LiFePO4, EDLC and LIC 
based ERSs) and the system mass. However, for an EMFW based ERS, the specific power is 
assumed to be 1390 kW/ERS mass (for a mass of 4574 kg the specific power would thus be 
303.9 W/kg). When energy is returned from the in-wheel generators to the DC link at a rate 
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that exceeds the ERS charging rate, the excess energy would be diverted to the resistor grid 
and would be lost. In the simulation, it is assumed that the maximum braking force, determined 
using (3.12) and Prec = 1390 kW, is used when decelerating or descending the ramp.  
The storage capacity of the ERS is determined by its mass and specific energy. The specific 
energy is reflected in Table 3.2 Row 5 for LiFePO4, EDLC and LIC based ERS and determined 
from (3.16) for EMFW. Once the ERS has been recharged to capacity all excess energy will 
be diverted to the resistor grid and lost. Due to a lack of access to reliable efficiency 
information, appropriate for different technologies over a range of power levels, we assumed a 
fixed storage efficiency of 90% for charging and for discharging giving a return cycle 
efficiency (DC link-storage-DC link) of 81% for all the technologies investigated.  
The recovered energy can be used in several ways including productivity improvement 
(Komatsu Mining Corp, 2017), fuel consumption reduction (M. M. Flynn et al.) and emissions 
reduction (Grondin, Thibault, & Querel, 2015). In the research for this chapter stored energy 
was used to reduce overall fuel consumption and was therefore, only used in lieu of required 
engine power. The simulation model is thus set-up to use stored energy (when available) in lieu 
of engine power as soon as an opportunity arises. In practice this approach would minimize the 
size of storage required and minimise losses of energy while in storage. As the truck travelling 
along the haul route is simulated, the code determines at each instant whether an increase or 
decrease in speed is required based on the truck speed and the sector target speed (see Table 
3.5). If a speed increase is required the amount of energy required over the next time step is 
calculated, if it is more than what can be provided by the engine it is capped within the engine’s 
capacity. If energy is available from storage it is used to replace an amount of engine power. 
The code does this in such a way that the power at the wheels is the same whether provided by 
engine power alone or partially provided from storage. The storage energy release rate is 
limited to the lower value of either the max ERS discharge rate (based on the technology used 
and mass) or 410 kW. If an ERS is capable of capturing all recoverable energy during the ramp 
descent, we found6 that an energy release rate of about 410 kW maximises re-use of stored 
energy, assisting acceleration of the loaded truck as well as providing an even release of energy 
along the ramp ascent.  
The simulation model also determines and keeps a record of the amount of fuel consumed 
continuously powering auxiliary services and propelling the truck as needed. The fuel 
consumption is calculated by determining the product of the amount of power delivered by the 
engine (Peng(t)+Paux) at the flywheel and the duration (dt), using an assumed brake specific fuel 
consumption (BSFC) of 210 g/kWh. The use of recovered energy reduces the required Peng, 
thereby reducing the amount of fuel consumed. 
Table 3.5 shows the haul route definition used in the simulation. It starts with the truck waiting 
to unload and unloading outside the pit, the truck driving towards the entry ramp whilst 
adhering to different speed limits, driving down the ramp (assumed to have a 10% grade) while 
limited to 30 km/h (8.333 m/s), driving to and being loaded at the loading point and returning 
in a loaded condition. The haul cycle includes 1471 m of flat haul and manoeuvring in addition 
to the on-ramp distance, which is calculated from the pit depth and ramp grade.   
                                                 
6 The method involved plotting the amount of energy remaining in storage as a function of ramp ascent progress. 
The release rate was iteratively adjusted to minimise the energy remaining on completion of the ramp ascent. This 
approach was superseded using a bisection-based method for later chapters. The bisection method allowed for 
two ramp ascent stages as part of loaded haul. 
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Table 3.5 Haul route definition 
Sector 
Number 
Sector 
Length 
[m] 
Grade 
% 
Speed 
Limit 
[m/s]  
Truck 
mass 
[kg] 
Time 
Delay 
[s] 
 
0 25 0 0.625 250 000 40 
U
n
la
d
en
 
1 125 0 4.167 250 000 0 
2 175 0 12.500 250 000 0 
3 50 0 8.333 250 000 0 
4 calculated -10 8.333 250 000 0 
5 250 0 12.500 250 000 0 
6 100 0 4.167 250 000 0 
7 20 0 2.000 250 000 0 
8 1 0 4.167 570 000 120 
F
u
ll
y
 l
o
ad
ed
 9 100 0 4.167 570 000 0 
10 250 0 8.333 570 000 0 
11 calculated 10 8.333 570 000 0 
12 50 0 8.333 570 000 0 
13 175 0 12.500 570 000 0 
14 125 0 4.167 570 000 0 
15 25 0 0.48 570 000 0 
 
3.4.2  Using the simulation model  
To generate results, the code is used to repeatedly simulate the truck operation along the haul 
cycle defined in Table 3.5 for a given pit depth. In the first cycle the parameters of the basic 
truck are used with no ERS. This establishes a baseline for comparing fuel consumption when 
an ERS is added. In subsequent cycles the ERS mass increases incrementally by 250 kg and 
repeats simulation of the haul cycle until the maximum ERS mass (typically 5 or 10% of the 
truck EVM) is reached. The ERS mass is added to the EVM of the truck and consequently 
reduces payload by the same amount. For each cycle, the model determines the fuel 
consumption and records the payload to enable calculation of the fuel savings per tonne mined. 
The same procedure is used for each of the technologies reflected in Fig. 3.8 and for each of 
the range of depths in Fig. 3.9. 
 
3.4.3  Results  
3.4.3.1 Energy recovered, and fuel savings expected in a 100 m deep mine  
Fig. 3.6 shows results obtained from the simulation model, reflecting the use of a 4500 kg 
flywheel-based energy storage system. This mass is very close to the mass required for a 
flywheel system that captures all energy from a 100 m deep pit. This implies that potential 
energy can be captured at the rate at which it becomes available with nothing lost to the resistor 
grid. Examination of the ‘Ramp Descent’ stage in Fig. 3.6 shows that the recovery of potential 
energy (as evident from the steep rise in the ‘Energy in store’) makes a much more significant 
contribution to the amount of recovered energy than recovering kinetic energy. The ratio 
between potential and kinetic energy will naturally depend on the depth of the mine. 
The graphs reflected in Fig. 3.7 are the results of gradually increasing the mass of the energy 
storage system while adjusting its specific energy and specific power characteristics using 
(3.16). Based on the assumed mass, the flywheel parameters are recalculated to capture the 
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energy at the rate of 1390 kW and store the maximum amount of energy possible. Mass is 
increased up to a maximum of 12,500 kg which is 5% of the empty vehicle mass and slightly 
more than needed for a 420 m deep descent, as indicated in Table 3.4. In Fig. 3.7 the ‘Energy 
stored’ and ‘Fuel used’ curves flatten out beyond approximately 4500 kg because the additional 
storage capacity provides no additional benefit as all the energy available from the 100 m deep 
descent can already be captured by the system. Although the amount of fuel used remains 
essentially constant after this point the additional mass becomes a hindrance as it reduces 
payload and hence, increases the fuel used per tonne hauled. This is clearly visible in Fig. 3.8 
and Fig. 3.9 in the steep decline in curves after the peak point. 
Figure 3.6 Speed and power trajectories of DEMHT on haul route with 4500 kg flywheel based 
ERS and resulting energy in storage as it varies over the haul cycle 
 
Figure 3.7 Total amount of energy stored to flywheel based ERS and fuel used to complete 
100 m deep haul cycle as influenced by mass (hence capacity) of ERS 
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Figure 3.8 compares the fuel savings benefit of the different ERS technologies as it changes 
with mass on board the DEMHT in a 100 m deep mine. With sufficient mass all the 
technologies are able to provide a noteworthy fuel savings benefit. However, the EMFW shows 
the most promising results achieving much greater improvement in fuel consumption per tonne 
hauled at a significantly lower ERS mass.  The LIC based ERS also achieves good results but 
uses a system with more than twice the mass to get comparable results. 
 
Figure 3.8 Expected fuel savings 
per tonne hauled as it varies with 
ERS mass for indicated 
technologies in a 100 m deep mine. 
 (‘EMFW’ - electro-mechanical 
flywheel; ‘LIC’ - lithium-ion 
capacitor; ‘EDLC’ - electrolytic 
double-layer capacitor; ‘LiFePO4’ – 
lithium iron phosphate battery) 
 
 
 
 
 
 
 
3.4.3.2 Fuel savings expected over a range of mine depths and fuel saving benefit of 
over-sizing vs. under-sizing ERS 
The collection of graphs in Fig. 3.9 shows the fuel savings benefit expected for each of the 
ERS technologies for a range of mine depths as determined by the ERS mass. The ‘0[m]’ route 
implies the recovery of kinetic energy only. As the depth of the mine increases and potential 
energy recovery becomes the predominant recoverable energy source, a larger and heavier ERS 
tends to provide greater benefit for that depth of mine by capturing more of the recoverable 
energy leading to greater fuel efficiency up to the peak point. The peak point at the top of each 
curve indicates the point where the storage capacity matches the amount of energy recoverable 
for the specific depth of descent using the ERS technology under consideration. The best peak 
point for each technology is closely related to the point where the E-rate (see Table 3.2 Row 
8) of the technology and the power-to-energy ratio of the particular depth is the more closely 
matched. For EDLC technology the matched depth would be between 15 and 45m and for LIC 
it would be between 45 and 105 m. The EMFW’s ability to be ‘designed to requirement’ 
enables improved performance at a greater number of depths. 
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(b)
 
(c)
 
(d)
 
Figure 3.9(a-d) Expected fuel savings per tonne hauled for a selection of mine depths and mass 
for indicated ERS technologies 
The graphs in Fig. 3.9 tend to have a steeper approach towards the peak points with a gentler 
departure. This suggests that a proportionately undersized ERS performs worse in terms of fuel 
savings than a proportionately oversized ERS. The 45 m and 420 m curves for ‘EMFW’ clearly 
shows the benefit of an oversized ERS in terms of its ability to provide improved fuel 
efficiency. The best mass of a flywheel based ERS sized for the 420 m depth of descent is 
approximately 11 750 kg and it is expected to provide 12.4% fuel saving per tonne hauled when 
used for a mine at this depth. If this ERS is used in a 45 m deep mine the fuel saving per tonne 
hauled is still expected to be close to 9.8%. In contrast the mass of an ERS sized to the 
requirements of a 45 m depth of descent is about 2750 kg and is expected to provide a fuel 
saving per tonne hauled of 12.6% when used with a 45 m deep descent. If used in a 420 m deep 
mine however, the fuel saving per tonne hauled is less than 1.6%. In spite of the excess mass 
the larger ERS still performs well even in shallow operations by providing a significant fuel 
consumption reduction. Admittedly the larger ERS will inevitably be more expensive to 
acquire and to maintain and harder to accommodate on board. Due to its impact on productivity, 
it is not expected to be viewed favourably by mining companies.  
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3.4.3.3 Cost implications and service life expectations 
In this section the cost of procuring and installing an ERS is compared to the reduction in the 
cost of fuel over the lesser of the truck or ERS’s service life, for a 100 m deep mine. This 
analysis is not comprehensive, as other factors such as capital costs, maintenance, labour, and 
effects on productivity, would need to be considered before adopting the technology. However, 
it provides a preliminary estimate of the benefit of installing an ERS.  
Finding reliable cost data for the various technologies is challenging and cannot be done with 
great accuracy without full appreciation of the system design and costing requirements. Ricardo 
(Ricardo) provides some guiding values for lithium -ion batteries, EDLC and EMFW while the 
cost per kWh for LIC is quoted in (Mueller, 2015). In Table 3.6, we use the various costs in 
combination with the minimum installed energy storage capacity that will satisfy the more 
demanding of the power and the storage capacity requirement (refer Table 3.2 Row 12), to 
provide a cost estimate for each ERS type.  
Table 3.6 ERS cost estimates for 100 m deep mine. System cost is the product of ‘Assumed 
cost’ and required installed energy storage capacity 
Technology Cost  
[(kWh)-1] 
Assumed 
 cost 
[(kWh)-1] 
Energy storage 
required to  
satisfy power 
requirement 
System cost 
Li-ion 
batteries 
US$ 200- 
US$ 360(Ricardo, 2016)  
US$ 300Nykvist and 
Nilsson (2015) 
US$ 300 1390 kWh US$ 417 000 
EDLC US$ 9000(Ricardo, 
2016) 
US$ 9000(Ricardo, 
2016) 
46.3 kWh US$ 416 700 
LIC US$ 5000(Mueller, 
2015) 
US$ 5000(Mueller, 
2015) 
46.3 kWh US$ 231 500 
EMFW  US$ 4000(Ricardo, 
2016) 
US$ 3872*(Akhil et al.) 
US$ 4000(Ricardo, 
2016) 
46.3 kWh US$ 185 200 
*This value is calculated using only equipment cost reflected in (Akhil et al., 2013). 
Although the cost per kWh of lithium-ion batteries is significantly lower than that of the other 
technologies, the initial cost of the installation, expected to be approximately US$ 417 000, is 
significantly greater than that of the EMFW and LIC technologies and almost the same as the 
EDLC technology. While the other technologies are expected to last as long as the truck, 
batteries may need to be replaced after a few years of service. The service life is closely linked 
to the DOD and would, therefore, be very dependent on the pit depth. In Table 3.7, the cycle 
time as well as the DOD (both obtained from the simulation model) is shown against different 
depths. Assuming 6000 hours of operation per year the cycle time can be used to calculate the 
number of haul cycles per year. Using an approximation of the results from Wang et al. (2011) 
and the cycle life of 3000 at 100% DOD for LiFePO4 from Table 3.2 Row 13 and 14, the 
corresponding service life can be calculated. Table 3.7 clearly shows that the service life in all 
but the shallowest of mines (less than 45 m deep) would be less than half of the truck’s 10-year 
life. If used in a 100 m deep mine it will be about 3.5 years suggesting that it would need to be 
replaced twice during the life of the DEMHT.  
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Table 3.7 
Influence of 
mine depth on 
cycle time and 
implications for 
service life for 
li-ion battery 
based ERS 
Depth 
of mine 
[m] 
Cycle 
time 
[s] 
Number of 
Haul Cycles 
per years 
DOD 
[%] 
Service 
life 
[years]  
0 444 48 697 0.64 9.63 
15 511 42 309 1.06 6.72 
45 651 33 185 1.97 4.58 
105 932 23 185 3.75 3.45 
210 1423 15 181 6.92 2.86 
420 2405 8980 13.2 2.53 
 
Table 3.8 provides an indication of the potential of different technologies to provide payback 
if used in a 100 m deep mine. The simulation model was used to provide an estimate of the fuel 
cost to move a given amount of material using the following assumed values: 6000 operating 
hours per year, fuel cost is US$ 0.623 /l (US$ 2.358 per US gallon), and fuel density is 0.840 
kg/l. Cycle time is determined to be 908 s giving 23 784 cycles per year. Because the payload 
is reduced by the ERS but the number of cycles fixed, using a payback period in terms of years 
would skew the comparison with some of the technologies getting advantage from moving a 
smaller amount of material. To avoid this, the model was used to determine the fuel cost of 
moving 7 610 880 tonnes (the amount of material moved by an un-modified truck in one year) 
of material using each of the technologies. From Table 3.8 it is clear that the service life of 
lithium-ion batteries is similar to its expected payback period therefore holding very little if 
any potential for use on board DEMHT. Due to the high initial cost and weaker performance 
in a 100 m deep mine the EDLC also does not perform as well as the LIC and EMFW. (To 
enable comparison the impact on productivity of the different technologies is also shown in 
Table 3.8.) 
Table 3.8 Productivity and pay-back considerations  
Technology 1 year’s operation To haul 7,610,880 tonnes  
Payload 
Average 
[kg] 
Tonnes 
hauled 
per 
year 
Produc-
tivity 
[%] 
Fuel Cost to 
haul  
7,610,880 t 
[US$] 
Fuel 
cost 
savings 
[US$] 
System 
cost 
US$ 
System 
cost / 
Fuel 
cost 
savings 
Service 
life of 
ERS 
[years]  
No ERS 320 000 7 610 
880 
100.0 1 185 320 0 0 - - 
Li-ion bat 301 913 7 
180,699 
94.35 1 077 335 107 
985 
417 
000 
3.86 3.5 
EDLC 299 869 7 132 
084 
93.71 1 071 354 113 
967 
416 
700 
3.66 10 
LIC 310 022 7 373 
563 
96.88 1 039 881 145 
440 
231 
500 
1.59 10 
EMFW  315 426 7 502 
092 
98.57 1 028 100 157 
220 
185 
200 
1.18 10 
Note: Due to impact on productivity the System cost:Fuel cost savings ratio approximates but is 
not the same as payback period in years 
 
Engine wear and the amount of fuel consumed are closely related (Caterpillar, 2012b, p. 155). 
If an improvement in fuel consumption better than 12% can additionally achieve a proportional 
reduction in engine hours and proportionate increase in engine time between overalls (TBO) 
the presence of an ERS is expected to leverage economic benefit that is greater than just the 
fuel savings. 
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3.5  Review of Technologies’ Potential to Satisfy DEMHT ERS 
Requirements and Improve Fuel Efficiency  
Comparing the mass of an EMFW based ERS suitable for a 100 m deep mine with the mass of 
ERS’s based on other technologies, the flywheel is expected to provide a solution which is 
substantially lighter than any of the other solutions and at a lower cost (see Table 3.6). When 
considering the use of EMFW over a range of mine depths a single size ERS design is not 
expected to be optimal and a number of designs would be necessary. A range of designs 
optimised with due consideration of the mine development plan is expected to provide the best 
solution. Considering the high cycle rates reflected in Table 3.7 care would be required in the 
design to ensure a suitable cycle life. The major downsides of the flywheel for the DEMHT 
application is the difficult operational environment (shock, vibration, dirt), and the likely need 
for a gimbal in installation. With these issues resolved it shows great potential to improve fuel 
efficiency in the mine haul process. 
LIC provides a good combination of specific energy and specific power potentially satisfying 
a useable range of mine depths. Although heavier and somewhat more expensive than the 
EMFW based design, the LIC solution may, in practice, have a number of other advantages 
over that of flywheel designs. Some of the benefits expected include the ability to segregate 
the storage system and distribute modules to suitable locations on board the truck easing 
integration. A modular design based on LIC may also provide a comparatively simpler way of 
increasing storage capacity as the depth of a mine increases, with growth of the storage system 
being an extension of an existing design, rather than a new design as is expected for EMFW. 
LIC’s avoid the need for a bulky gimbal and the element of risk associated with flywheels. 
Although LIC’s are still expensive compared to lithium-ion batteries ($5000/kWh (Mueller, 
2015) vs. $300/kWh (Nykvist & Nilsson, 2015) in 2015) it may be that their cost could reduce 
to the same extent as has happened for lithium-ion type batteries, the cost of which has reduced 
from over $1000/kWh in 2007 to around $300/kWh in 2015 (Nykvist & Nilsson). It may 
become even more cost effective in coming years. A significant number of capacitors will be 
necessary to provide the required storage capacity and would require appropriate control to 
ensure even distribution of temperature and charge amongst cells. This is expected to be a 
challenging aspect of design. LIC’s may also not be as tolerant to temperature extremes 
sometimes encountered at mine sites.  
A beneficial attribute of the battery-based system is that an installation that is sufficient for a 
100 m deep mine would also be sufficient for mines that are much deeper, requiring no change 
to the installed system due to the power capacity being the tight design requirement. However, 
despite this beneficial attribute, the results of Section 3.4.3.3 show that lithium-ion batteries 
are not expected to provide economically beneficial use in the ERS of DEMHT. 
The EDLC is expected to perform reasonably well in shallow mines with best performance 
around 45 m deep. However, as a result of its low specific energy, deeper mines are shown to 
demand a dramatic increase in mass to accommodate the additional energy. 
 
3.6  Chapter Summary 
This chapter demonstrates that there is significant potential for an ERS to reduce fuel 
consumption per tonne hauled for DEMHTs. However, this benefit is dependent on the 
technology used in the ERS and the depth of the mine. For typical mine and truck 
characteristics, up to 68% (see Section 3.2.2) of the potential energy lost during the decent can 
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be recovered to be re-injected, reducing fuel consumption per tonne hauled by as much as 10 
to 12% for a mine of an appropriate depth.  
Designing an ERS for DEMHTs presents a challenge to all modern energy storage technologies 
because it requires high power, large storage capacity, and high cycle life while limiting impact 
on payload. Chemical batteries limited to a 1C charge rate do not have a sufficiently high 
specific power or cycle life and prove to be too expensive for this application. EDLCs show 
some potential for shallower applications but the expected installation cost and the mass 
required, due to low specific energy of EDLC, make it an unattractive proposition. In contrast, 
the design of an EMFW-based ERS using available technology offers the potential to be sized 
for a given depth of mine. Although not offering a high specific energy, flywheel-based storage 
technology allows the ERS to be customized to the power and storage requirement of the 
application during design. This technology, therefore, promises a lighter, more balanced 
storage solution that can be designed to provide a cycle life to match the design life of 
DEMHTs. Based on available cost information it also promises a comparatively short estimated 
payback period of 1.2 years. Although adding mass on board mine haul trucks is contrary to 
the impetus put on reducing EVM, the results presented in this chapter show that even if the 
flywheel based ERS is relatively oversized, implying a greater than needed impact on the EVM 
of the truck, it could still provide an improvement in fuel consumption per tonne hauled greater 
than 10%. Although it is recognised that there are significant technical challenges associated 
with the use of flywheels on board mobile applications, these have been dealt with in a number 
of existing designs (Beacon Power, 2014b; M. M. Flynn et al., 2008; Hansen & O'Kain, 2011; 
Komatsu Mining Corp, 2017; Morey, 2013), which includes a recently developed underground 
mining loader. 
LICs are not as flexible in optimising the power and energy storage capacity to the specific 
demands of the application as flywheel designs potentially are. However, LICs can facilitate a 
modular design and allow segregated installation while avoiding some of the negative aspects 
of EMFW. They also have the potential to provide a more desirable solution, especially, for 
mining applications around 45 to 105 m.  
Further work is required to more accurately determine the costs and benefits of an ERS on 
DEMHT over its operating life within mining operations, which typically requires the truck to 
operate over a range of depths. Specifically, the technical feasibility of modular ERSs, of which 
the capacity can be changed with the depth of the mine, and the effect of a fixed-size ERS over 
multiple depths need to be investigated. The installation of the ERS will also influence other 
factors that affect the operational cost and/or productivity of the DEMHT, such as the return 
on capital, the cost per tonne of maintenance, labour, engine wear, and tyre wear. The negative 
impact of the ERS on productivity may be compensated for, or productivity may even be 
improved if using stored energy to increase the power and hence speed on the ramp ascent 
rather than only aiming to increase fuel efficiency. Investigating the trade-off between using 
the ERS for increasing power and for increasing fuel efficiency is another important future 
research avenue. 
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4 POTENTIAL OF ON-BOARD ENERGY RECOVERY 
SYSTEMS TO REDUCE THE COSTS OF DIESEL-ELECTRIC 
MINE TRUCK HAULAGE  
4.1  Introduction  
Due to their weight and great change in operating elevation, mine haul trucks gain and lose 
large amounts of potential energy as they ascend and descend ramps of open pit mines. While 
energy recovery technology is used successfully in a number of industrial applications to 
recover both kinetic and potential energy (Caterpillar; M. M. Flynn et al.; Komatsu Mining 
Corp; Maxwell Technologies; Morey, 2013), it has not been successfully used on board diesel-
electric mine haul trucks (DEMHT). The simulation study advanced in Chapter 3 showed that 
economically-significant fuel savings can be expected using appropriate energy recovery 
system (ERS) technology. However, installation of the ERS will increase the capital and 
maintenance costs of the haul truck, and the ERS mass will reduce the truck payload which 
could reduce productivity if truck cycle times are not commensurately reduced. The reduction 
in productivity will increase the influence of the non-fuel costs on the cost-per-tonne mined. 
Non-fuel costs include the capital, operator and maintenance costs of the DEMHT.  
4.2  Objective 
This chapter investigates how the installation of an ERS affects the overall cost per tonne mined 
for a haul truck employing different ERS technologies, operation strategies and mine depths 
over the first year of operation for the truck.  
The four ERS technologies considered are; lithium iron phosphate batteries (LiFePO4 or LFP), 
lithium ion ultra-capacitors (LIC), electric double layer capacitors (EDLC) and electro-
mechanical flywheels (EMFW). Two operational strategies are considered; a fuel replacement 
strategy, used in Chapter 3, and a new power augmentation strategy. The fuel replacement 
strategy uses recovered power in place of engine power, thereby reducing fuel used. The power 
augmentation strategy is inspired by the use of trolley systems with DEMHT (Siemens, 2009), 
and uses recovered energy to increase the power at the wheels to improve acceleration and 
ramp ascent speed. This reduction in cycle time can potentially not only compensate for the 
loss in payload, but also increase productivity beyond that of the unmodified DEMHT. The 
cost per tonne hauled is determined using the simulation program adapted from Chapter 3 and 
estimated DEMHT capital and operating costs. In this study we used parameters which we 
consider to be representative of metalliferous surface mining in Australia. The reader would be 
in a better position to judge validity of assumptions and selected parameters and to use 
appropriate data to quantify the specific benefits that may be had in the context of their 
particular operation. We believe that the same basic trends will be observed, and the message 
would remain essentially the same: while the energy savings capability of ERS may have some 
advantage, it is the enhanced propulsion power that is expected to lead to greater benefits and 
that could make the use of ERS a viable or even attractive solution. 
The chapter is structured as follows: Section 4.3 provides a brief overview of the current 
literature related to energy recovery on mine haul trucks. Section 4.4 details the methodology 
employed to estimate the amount of energy recovery, subsequent haul truck cycle times and 
haulage costs. Section 4.5 details the results of the simulations. Section 4.6 then provides a 
discussion of these results before the chapter concludes with a summary of findings.      
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4.3  Literature Review 
4.3.1   Technical feasibility and economic implications  
Few articles are publicly available that consider the technical feasibility or economic potential 
of ERSs for mining trucks. Among those are a number of reports resulting from General 
Electric’s involvement in developing a prototype ERS for a Komatsu diesel-electric mine haul 
truck using sodium nickel chloride batteries (NaNiCl2) as the storage medium (21CTP, 2007; 
Richter, 2006, 2007; Salasoo, 2004). The reports discuss the progress and limitations of 
chemical battery based ERS but do not detail the impact of the mass of the ERS on productivity, 
nor the economic implications.  
Esfahanian (2014) considers the economic impact of using energy recovery on board mine haul 
trucks by considering the reduction in payload due to the ERS mass. His evaluation is based 
on chemical battery technology that, due to charge rate limitations, require significantly heavier 
solutions than that believed necessary for lithium-ion capacitor or electro-mechanical flywheel 
based storage technology (refer Chapter 3), especially for shallower pits. In-spite of this choice 
of technology the results are very promising. However, an expectation of brake specific fuel 
consumption improvement of 11% is somewhat optimistic. In addition, the study fails to 
consider the replacement of batteries once they reach the end of their useful life. This is a 
significant drawback of chemical battery technologies applied to DEMHT ERS. End of life 
(EoL) is defined when a battery has lost 20% of its initial storage capacity or when cell 
resistance has doubled (Keil & Jossen, 2016).  
Chapter 3 considers the ability of various ERS technologies to reduce fuel consumption per 
tonne mined as a function of variable ERS mass and pit depth. The potential for chemical 
batteries (considering standard charging rates) and EDLCs were shown to be limited. Fuel 
consumption is, however, only one of several cost drivers in mine haul operations. Reducing 
fuel consumption alone will not guarantee overall reduction in haulage costs if that reduction 
is brought about at the expense of payload.  
However, Chapter 3 did not consider the effect of on-board ERS on overall haulage costs, 
particularly in situations where additional power available from storage is used to reduce cycle 
time, thereby compensating for the reduced payload. In addition, Anseán et al (2016; 2013) 
present evidence that LFP batteries can receive a significant portion of each recharge at four 
times the standard rate and still achieve a cycle life of 4 500 or more. It is possible to fast charge 
this type of lithium-ion battery (LIB) to approximately 90% of the battery capacity when new, 
but this reduces to 70-72% of the initial capacity by the time the battery reaches 4500 cycles 
(Anseán et al., 2013). For application in DEMHT ERS, battery size (which pre-determines cost 
and mass) is primarily determined by energy storage rate and not storage capacity as stated by 
Salasoo (2004) and shown in Chapter 3. Increasing the storage rate, even at the cost of storage 
capacity, can significantly enhance its potential as an energy storage device used on board 
DEMHT.  
4.3.2   Approaches used to estimate costs for haul truck usage  
Talpac™ (RPM Global, 2017) and similar software is widely used to determine expected 
mining haul truck cycle times, costs and trucking requirements for mining scenarios. The 
software allows input of the haul-route as well as the truck make and model, labour, 
maintenance and other operating costs and essential parameters. It does not allow consideration 
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of energy recovery and cannot be readily adapted to assess the potential of ERSs on board 
DEMHT. 
4.4  Methodology 
Computer simulation provides a cost-effective way of investigating the impact of changes in 
parameters on system performance. A simulation program based on representative models of 
the truck and various ERS technologies has previously been developed as detailed in Chapter 3. 
The models used in that simulation program forms the basis for the approach followed in this 
chapter. The linear dynamic truck model used captures characteristics such as mass, rolling 
resistance, speed, drive system efficiency, rated engine power, auxiliary system power, average 
brake specific fuel consumption (BSFCave) and the rim-pull curves of a representative mine 
truck. The ERS models account for characteristics such as efficiency, specific energy and 
specific power, and characteristics that vary as a function of system mass such as energy storage 
capacity and energy storage rate. The haul route model defines loading and dumping times, 
target speeds, ramp grades and lengths of the various sectors in accordance with changes in pit 
depth. The simulation program incorporates these models to simulate a truck’s progress along 
the haul route. The program ‘controls’ and records energy capture and re-injection rates and 
determines fuel consumption and cycle time. Within system limits potential energy recovery 
takes place on ramp ascent and kinetic energy when decelerating to comply with speed limits 
or to stop. Although the simulation program used in Chapter 3 could determine the quantity 
and hence cost of fuel per tonne hauled, it lacked the ability to evaluate the impact of an ERS 
on overall haulage cost. 
4.4.1  Modelling approach 
For this chapter the key requirements were therefore: to identify the significant cost elements 
that, in addition to fuel cost, determine overall haul cost; to develop cost models for each of 
these elements, and; to integrate these models into the simulation program described in 
Appendix A to enable quantifying costs associated with each element as it varies depending on 
the conditions simulated. The required cost models include: 
• Truck owning costs (capital recovery cost plus import duties, insurance and interest),  
• Operator labour cost, 
• Lubrication, maintenance and repair costs, 
• Tyre costs, and  
• ERS capital cost as it varies with mass. 
The time value of money is important in mining economics. The net present cost (NPC) of haul 
related expenses can only be duly considered in the context of a mine development plan 
spanning several years and including operation of the trucks over several pushbacks. The 
simplified approach used in this chapter is to only consider the first years of operation at a 
particular depth using a chosen ERS technology and system mass. Results would therefore not 
provide insight to NPC implications of using ERS over a longer time period. In this chapter the 
cost of capital expenditure (such as on trucks and ERS) incurred in the first year is calculated 
using (4.1). The equation allows for cost reduction due the resale of the truck at the end of the 
assumed period of operation. Various operating costs are determined as appropriate in 
accordance with sub-sections 4.4.4 to 4.4.8 and 4.4.10.  
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4.4.2  Assumptions 
Table 4.1 Key physical and financial assumptions and input values 
Haul route and truck characteristics 
Haul cycle description See Table 4.2 
Truck gross vehicle mass (GVM)  570 678 kg (Caterpillar, 2013) 
Truck empty vehicle mass (EVM) 257 678 kg (Caterpillar, 2013) 
Payload (excluding mass of ERS) 313 000 kg (Caterpillar, 2013) 
Rolling Resistance 2% of truck weight 
Grade resistance  10% of truck weight 
Aerodynamic drag (Fa)  Fa(t) = Cd.A.air.vt(t), where Cd = 0.9, A = 70 m2, air = 1.2 kg/m3,  
vt(t) = truck speed [m/s] at time t. Fa is small due to low speed. 
Drive system characteristics 
Gross power / Nett power 2 536 kW(Caterpillar, 2013) / 2 390 kW (estimate) 
Power to drive Auxiliaries 146 kW – (estimate - due to cooling fan, alternator, brake and 
steering hydraulics and air conditioning equipment) 
Generator efficiency 95% (assumed)  
Drive system efficiency 85% DC link to wheel ((Siemens, 2009) and own calculations 
based on rim-pull curves) 
Drive system recovery 
efficiency 
85% Wheel to DC link (assumed to be same as drive system 
efficiency) 
Average BSFC BSFCave = 205.7 g/kWh (see (4.3))  
Capital cost and financial implications 
Discount rate i = 0.1 (i.e. 10%) 
US$:AU$ exchange rate 0.72 : 1.00 
Truck acquisition cost  CAcq_truck = AU$ 7 000 000 for 313 t DEMHT (excluding tyre 
costs) 
Truck amortisation period 
(see (4.1)) 
n = 7 years (No benefit is assumed in terms of tax, resale value 
assumed to be 25% of purchase cost).  
ERS cost: As per Table 4.2 for respective technologies.  
ERS Amortisation period 
for EDLC, LIC and 
EMFW: 
7 years. No benefit is assumed in terms of tax or resale value, nor 
is burden of disposal considered for any of the technologies. 
ERS Amortisation period 
for LiFePO4 battery: 
See (4.5). For LiFePO4 batteries a cycle life of 4500 cycles at 
100% depth of discharge (DOD = 1.0) is assumed (Anseán et al., 
2013). 
Operating statistics and operating costs 
Truck operating hours 363 days per year, 90% availability, 80% utilisation 
  6272 productive hours per year 
Annual cost per driver AU$ 152 784 (Bellamy & Pravica, 2011) per year per driver  
Drivers per truck 4.3 (Bellamy & Pravica, 2011) 
Maintenance costs AU$ 87.70/h (Fu, Topal, & Erten, 2014) 
Engine overhaul  AU$ 67.70/h is assumed (see Section 4.4.5 text).  
Tyre cost and life AU$ 45 000 per tyre (56/80 R63 or 59/80 R63), average service 
life of 6000 hours (see “Calculation of Tyre life” section)  
Fuel cost  AU$ 1.02/l unless specified otherwise (rebate of 38c excluded) 
Fuel density 840 g/l (assumed) 
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 Table 4.2 Haul route properties 
Sector 
Number 
Time 
Delay 
[s] 
Grade 
Factor 
(GF) 
Sector 
Length 
[m] 
Distance 
from 
start 
[m] 
Speed 
Limit 
[m/s] 
Truck 
mass 
[kg] 
 
0 40 0 30 30 0.63 257678 
U
n
-l
ad
en
 
1 0 0 125 155 4.17 257678 
2 0 0 175 330 12.50 257678 
3 0 0 50 380 8.33 257678 
4 0 -0.1 (h/GF) 380* 8.33 257678 
5 0 0 250 630 12.50 257678 
6 0 0 100 730 4.17 257678 
7 0 0 20 750 2.00 257678 
8 120 0 1 751 4.17 570678 
L
ad
en
 
9 0 0 119 870 4.17 570678 
10 0 0 250 1120 8.33 570678 
11 0 0.1 (h/GF) 1120* 8.33 570678 
12 0 0 50 1170 8.33 570678 
13 0 0 175 1345 12.50 570678 
14 0 0 125 1470 4.17 570678 
15 0 0 30 1500 0.48 570678 
* Length of ramp (sectors 4 and 11) not shown as it varies with depth of 
descent (h). Distance on ramp is calculated using ‘h’and grade factor (GF). 
 
4.4.3  Annual equivalent cost of capital per productive ho ur 
The annual cost (CAnn) to amortise the loans made for capital expenditure over the useful life 
of equipment, is calculated using, 
𝐶𝐴𝑛𝑛 =  𝐶𝐴𝑐𝑞
𝑖((1 + 𝑖)𝑛 − 𝑅)
(1 + 𝑖)𝑛 − 1
 (4.1) 
where CAcq is the acquisition cost, i is the annual discount rate and n is the expected number of 
years of operation (Runge, 2011). The residual value of equipment is estimated as a fraction 
(R) of the acquisition cost. R is assumed to be 0.25 for trucks.   
In the simulation program, costs and expenses such as truck, ERS and driver costs calculated 
or otherwise available on a ‘per annum’ basis, is divided by the number of productive hours 
(hprod) to determine the cost per productive hour using  
  𝐶ℎ𝑝𝑟𝑜𝑑  (𝐶𝑗) =  
𝐶𝐴𝑛𝑛(𝐶𝑗)
ℎ𝑝𝑟𝑜𝑑
 , (4.2) 
where Chprod(Cj) is the annual equivalent cost per productive hour in $/hr.   
4.4.4  Operator cost per hour 
An average of 4.3 drivers per truck per year is required at an approximate annual cost of 
AU$152 784 per driver (Bellamy & Pravica, 2011). These values are therefore used in the 
driver cost model and equate to AU$104.74 per productive hour.  
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4.4.5  Maintenance,  lubrication, repair and overhaul cost per ho ur 
Fu et al. (2014) provide an averaged value for maintenance of a 313 t payload truck at an hourly 
rate of AU$ 87.70. Information available to the authors for a small number of DEMHT’s that 
are somewhat smaller than the 313 t truck used in the simulation model, suggests that, major 
overhauls undertaken at 18 000 service hours cost of AU$ 1.2 M per truck. Using this 
information, the cost of a major overhaul is calculated at approximately AU$ 66.70 per 
productive hour. The combined maintenance, lubrication, repair and overhaul cost is therefore 
assumed to be AU$ 154.40 per operating hour.   
4.4.6  Tyre life and cost per hour 
Due to the additional torque available at the wheels the power augmentation strategy has the 
potential to increase tyre wear. This will predominantly occur during acceleration which 
constitutes a relatively small amount of the time and distance travelled especially in deeper 
mines. Although the potential for increased wear is acknowledged, an attempt at quantifying 
the additional wear as a direct consequence of increased rim-pull is not made in this chapter. 
Widely varying tyre life values are reflected in the available literature and media. Thiess (2011) 
claims values as high as 10 000 hours with some trucks reaching 13 000 hours. Kagogo (2014) 
details site data ranging from 7 371 to 10 119, with an average of 8 745 hours, measured for a 
large number of trucks over a period of three years. Bellamy and Pravica (2011) work on an 
average of 4500 hours. In this chapter an average of 6000 hours is used which, based on 
discussion with members from industry, appears to be a figure frequently used in haul cost 
estimation.  
4.4.7  Fuel costs per cycle  
The change in potential energy of both the truck and its load resulting from the change in 
elevation between the loading and the off-loading point on a haul cycle, forms a significant 
part of the work required of the engine and thus the amount of fuel consumed per tonne hauled. 
Rolling resistance and aerodynamic drag cause additional work. An additional but 
comparatively small amount of fuel is consumed driving auxiliary equipment such as auxiliary 
battery charging, hydraulic systems and air-conditioning. The brake specific fuel consumption 
(BSFC) of the engine specifies the amount of fuel used per kWh of power delivered at the 
engine’s flywheel and is essential in calculating fuel consumption of the truck based on the 
amount of work done. In this thesis an average brake specific fuel consumption (BSFCave) is 
used and calculated from information provided in Caterpillar (2013) and Caterpillar (2015). 
Although subject to significant variation, Caterpillar (2015) gives indicative fuel consumption 
values for a number of trucks based on engine load factor values ranging between 0.2 and 0.5. 
Assuming an engine load factor of 0.5 the fuel consumption rate ?̇?𝑓𝑢𝑒𝑙 for the diesel-electric 
drive Caterpillar 795F AC, is given as 310.5 l/h. The gross power output of the engine used in 
this truck is 2536 kW (Caterpillar, 2013). Assuming fuel density (𝜌𝑓𝑢𝑒𝑙)  is 840 g/l, BSFCave 
can be calculated using,  
𝐵𝑆𝐹𝐶𝑎𝑣𝑒 =
𝜌𝑓𝑢𝑒𝑙 ∙ ?̇?𝑓𝑢𝑒𝑙
𝐸𝑛𝑔𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 ∙ 𝑃𝑟𝑎𝑡𝑒𝑑
=
840 g/l ∗ 310.5 l/h
0.5 ∗ 2536 kW
=  205.7
g
kWh
. (4.3) 
(Note: The engine load factor is the average proportional load of the engine over a complete 
haul cycle relative to its maximum rated power (Prated)) 
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In the simulation program the sum of drive power (Pdrv) and auxiliary power (Paux) is used with 
BSFCave to determine the mass of fuel used per cycle (Mfuel/c):  
𝑀𝑓𝑢𝑒𝑙/𝑐 = 𝐵𝑆𝐹𝐶𝑎𝑣𝑒  
∑ (𝑃𝑑𝑟𝑣+𝑃𝑎𝑢𝑥)𝑑𝑡
𝑡𝑐
0
3600
 . (4.4) 
The associated cost of fuel used per cycle C fuel/c(Mfuel/c) is determined using,  
𝐶𝑓𝑢𝑒𝑙/𝑐 =
𝑀𝑓𝑢𝑒𝑙/𝑐 .  𝐶𝑓𝑢𝑒𝑙/𝑙
𝜌𝑓𝑢𝑒𝑙
  , (4.5) 
where tc = cycle duration and Cfuel/l = cost of fuel per litre. Fuel consumption would be directly 
influenced by the extent to which recovered energy is used to reduce the engine power delivery 
over the haul cycle. 
The ERS’s ability to buffer fluctuating drive system demands can prevent the diesel engine 
from continuously adjusting to transient loads potentially improving BSFCave in practice. The 
potential benefit associated with smoothing the power demand using an ERS is not considered 
in this chapter. 
Using the assumed input values given in Table 4.1 with the equations and information 
presented in this section, the hourly owning and operating costs associated with the truck 
operation can be calculated. A summary of these is reflected in Table 4.3 for a truck without 
ERS.  
 
Table 4.3 Summary of hourly cost associated 
with different expenses without use of ERS 
Cost Element Approximate 
hourly cost 
Capital cost and interest for 
AU$M 7 truck 
AU$ 199.87  
Cost of drivers AU$ 104.74  
Cost of Maintenance, 
Lubrication, Repair and 
Overhaul 
AU$ 154.40 
Cost of tyre wear AU$   45.00  
Cost of fuel (approximate) 
310.50 l/h (Caterpillar, 
2015) at AU$1.02/l 
*AU$ 316.71  
(without ERS) 
*This value is an indicative amount only; specifics of 
truck and haul cycle are used in simulation model to 
provide application specific values. 
 
4.4.8  ERS technology characteristics  
Using an ERS on board a DEMHT not only negatively impacts payload but increases costs 
associated with acquisition, integration and up-keep. If the cycle life of the storage device used 
in the ERS does not at least match the number of cycles a truck would complete through its 
useful life, occasional replacement of the storage device will be necessary.  
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For EMFW, LIC and EDLC systems, all of which have cycle lives exceeding several hundred 
thousand or even millions of cycles, replacement during the life of the truck is unlikely. For a 
lithium-ion battery (LIB), which includes LFP, based ERS, limited to a few thousand complete 
charge–discharge cycles (N100%), replacement during the life of the truck is practically 
inevitable. Chemical batteries typically have large storage capacities but low charge power per 
unit mass so that, in the range of depths of typical surface mines, if the batteries were sized for 
the recovery power required, they would not be fully charged during a single descent unless 
used in the deepest surface mines. For batteries used at a particular charge rate and temperature, 
the total ampere hour throughput (Number of cycles * DOD * Ahrated) available from a battery 
is approximately fixed (Wang et al., 2011). The number of cycles available from batteries 
experiencing only partial charge-discharge cycles therefore increases approximately in inverse-
proportion to the depth of discharge (depth of discharge (DOD) is the ratio of energy discharged 
to total storage capacity of a storage device). The number of partial charge-discharge cycles 
available (NDOD) before the batteries reach EoL can thus be approximated using,  
 𝑁𝐷𝑂𝐷 =
𝑁100%
𝐷𝑂𝐷
. (4.6) 
The simulation model uses (4.6) when determining the calendar life of an LFP based ERS 
depending on the demands of a particular haul cycle. The ‘n’ term in (4.1) then takes the value 
of the expected calendar life of the ERS technology if it is less than the assumed life of the 
truck to determine the annual equivalent cost of the LFP based ERS. 
A C-rate ‘C’ value is often used to represent a charge or discharge rate equal to the capacity of 
the storage device in one hour (Young, Wang, Wang, & Strunz, 2013). In contrast to the charge 
rate of 1C used in Chapter 3 (based on battery manufacturer’s standard charge rate (A123, 
2012b)), Keil and Jossen (2016) and Anseán et al. (2013), demonstrate that, in-spite of using a 
boost charge protocol in the 3C to 4C range (reducing the batteries’ charging time from about 
1 hour to about 20 or 15 minutes) for part of the charge cycle of LFP batteries, high cycle life 
is achievable. Anseán et al. (2013) show that cycle life could be as high as 4 500 full charge-
discharge cycles or more when charging at 4C up to about 90% of the battery’s capacity. The 
proportion of battery capacity available for fast charging gradually reduces to about 72% of the 
battery’s initial capacity following approximately 4 500 cycles.  
The cycle life results reflected in Keil and Jossen (2016) and Anseán et al. (2013) are from 
tests respectively conducted at a regulated ambient temperature of 23°C and 25°C. Wang et al. 
(2011) specifically highlight the importance of maintaining low battery operating temperatures 
to ensure long service life. Results from (Keil & Jossen), (Anseán et al.) and (Wang et al.) seem 
to suggest that temperatures in the range between 15-25°C are the best for achieving a high 
cycle life. Considering the temperature extremes reached at surface mines strongly suggests 
that temperature control would require attention in a surface mining environment.  
For the truck application the storage system must be able to continuously absorb the energy 
from the brake system while the truck descends into the pit. Any energy that cannot be stored 
directly will have to be diverted to the fan cooled resistor grid. To enable charging at the 
maximum rate up to the EoL of the batteries used in an ERS, only 72% of the available storage 
capacity can be used. Guided by the results of (Keil & Jossen, 2016) in using a boost charge 
protocol, the lower 20% of storage capacity will also be considered as inaccessible to prevent 
battery damage resulting from high rate charging at low voltage. This leaves only 52% of the 
battery’s initial storage capacity accessible for high rate charging. This may be an overly 
conservative approach considering that the boost charge used in (Keil & Jossen, 2016) is 
equivalent to 5C.  
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4.4.9  ERS cost estimates 
The cost of energy storage technologies reflected in the literature often excludes the cost of 
hardware and power electronics essential for operation of the storage devices. In other cases it 
includes the cost of civil work required for land based applications (Hansen & O'Kain, 2011) 
(clearly not relevant to the mobile application under investigation) and project management. In 
this thesis, the higher values reflected in (Ricardo, 2016) for lithium-ion batteries, EDLC and 
EMFW are used (see Table 4.4). For LIC the cost calculated from information in (Mueller, 
2015) was used.  
Table 4.4 Cost, power and energy storage characteristics of a selection of ERS 
technologies. Costs are converted from US$ to AU$ using an exchange rate of 0.72:1.00 
Technology Cost reflected in  
Literature  
[AU$/kWh] 
Cost used 
in 
simulation 
model 
[AU$/kWh] 
Specific 
power as 
installed 
(SP) 
[W/kg] 
Specific 
energy as 
installed  
(SE) 
[Wh/kg] 
Charge rate* 
(time for full 
recharge) 
 
Lithium ion 
batteries 
AU$278- 
AU$500(Ricardo, 2016) 
AU$417(Nykvist & Nilsson, 
2015) 
AU$500 231.9# 57.97# 
(30.14 
accessible#) 
4C# 
(15 minutes) 
EMFW AU$5 378(Akhil et al.) 
AU$5 556(Ricardo, 2016) 
AU$5 556 307.0 10.2 30C 
(2 minutes)*
# 
Lithium–ion 
capacitors  
(e.g. JSR - 
Ultimo LIC) 
AUS$6 944(Mueller, 2015) AU$6 944 198.0 4.84 40.9C 
(88 seconds) 
Electric double 
layer capacitors 
(EDLC) 
AUS$12 500(Ricardo, 2016) AU$12 500 218.5 2.3 95.0C 
(38 seconds) 
Values of specific power and specific energy are lower than that typically reflected in literature due to 
provision for power electronics and hardware required included in system mass (see Chapter 3) 
*C-rate (SP/SE) is based on continuous charge rate while truck is descending pit ramp 
# Assuming LFP technology with 98.82 Wh/kg on cell basis (Anseán et al., 2013), equates to 57.97 
Wh/kg on module basis (Section 3.3 (3.14)) of which 52% considered accessible for fast charging as 
explained in text 
*# Charge rate for EMFW can be varied by design. For a 100m deep mine and ramp speed at 30km/h 
descent would last approximately 2 minutes providing full recharge to appropriately sized ERS 
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4.4.10 Total haulage cost per tonne 
Using the calculated hourly rates (Chprod) for each of the cost elements (Cj {Truck owning; 
operator labour costs; tyre wear cost; lubrication, maintenance, repair and overhaul cost; ERS 
capital cost}) and cycle duration (tC), determined by the simulation program for each completed 
cycle, enables calculation of cost per cycle CC associated with each cost element Cj:  
  𝐶𝑐(𝐶𝑗) =
𝐶ℎ𝑝𝑟𝑜𝑑(𝐶𝑗)
𝑡𝑐
 . (4.7) 
The simulation program determines the accumulated fuel consumption as the truck travels 
along the haul cycle using (4.4) and calculates fuel cost per cycle accordingly using (4.5).  
Calculation of the overall cost per tonne transported then becomes straight forward by dividing 
the sum of costs over the cycle (Ctotal/c) by the mass of payload hauled (Mload) during that cycle:  
  𝐶𝑝𝑡 =
𝐶𝑡𝑜𝑡𝑎𝑙/𝑐
𝑀𝑙𝑜𝑎𝑑
 (4.8) 
4.5  Results of Simulations  
4.5.1  Evaluation of  energy re-use strategies with flywheel based ERS 
In addition to the energy recovered during the ramp descent or while decelerating, an ERS also 
allows temporary storage of excess engine power. The timing and rate of re-injection of stored 
energy, can be varied within system limits. Research into the optimal energy release strategy 
for various vehicle applications is the subject of many publications (Barsali et al.; Brahma et 
al.; Ganji & Kouzani; Grondin et al.; Lyshevski; Masih-Tehrani et al.; Patil et al.; Sezer et al.). 
In this chapter, we consider only two simple but distinct alternatives to the re-use of recovered 
energy. The first strategy, called the fuel replacement (FR) strategy, uses the recovered energy 
to reduce fuel consumption while maintaining constant power to the wheels. Wheel power is a 
function of the tyre force and the distance progressed along the haul cycle. Cycle times are 
essentially the same as when no ERS is used. The second strategy, called the power 
augmentation (PA) strategy, maintains the engine power profile throughout most of the haul 
cycle and recovered energy is re-injected to boost power available to the wheels when 
accelerating, including ascending the ramp. While Robertson (2015) suggests that power to the 
wheels can be increased by as much as 50% if a trolley assist system is used, gradual release 
of the limited amount of recovered energy over the length of the ramp ascent stage allows for 
up to approximately 27% increase in power at the wheels. 
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Figure 4.1 Truck speed over haul cycle showing increased ramp speed and reduced cycle time 
of PA strategy over FR strategy.  Note that speed profile of FR strategy is same as for a truck 
without ERS 
Figure 4.1 shows haul truck speed vs. time for the PA and FR strategies assuming a flywheel 
based ERS of 5000 kg mass. The reduction in payload is about 1.6%. The 23.3% increase in 
ramp ascent speed (3.52 m/s vs 2.87 m/s) and marginal increase in acceleration provided by 
the PA strategy enables a reduction in cycle time of more than 7%. In this example, the reduced 
cycle time more than compensates for the loss in payload.  
 
(a) 
 
(b) 
 
Figure 4.2(a-b) Cost reduction enabled by PA and FR respectively using EMFW based ERS 
for selection of mine depths (Fuel price AU$1.02) 
 
In Figs. 4.2(a) and 4.2(b), the effect of the two strategies on haul cost per tonne is shown for 
varying combinations of flywheel ERS mass and mine depth. In these figures each contour plot 
shows expected haul cost per tonne hauled, expressed as a fraction of haul cost determined for 
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the same truck without energy recovery. For clarity, values greater than 1.02 (implying a 2% 
increase in haul cost due to the ERS) are not shown.  
The advantage of the PA strategy over the FR strategy is clear. While the FR strategy is at best 
expected to reduce operating costs by approximately 3% the PA strategy achieves a best better 
than 7%. Assuming that only one size of ERS (as determined by its mass) can be used on a 
particular truck, a 6000 kg EMFW based ERS used with the PA strategy is expected to provide 
a haul cost reduction better than 3% for all depths from about 28 m to 289 m (see Fig. 4.2(a) 
and better than 6% for the range of depths between 78 m and 175 m, with its greatest cost 
reduction expected when the depth of descent is about 135 m.  
(a)
 
(b) 
 
Figure 4.3(a-b) Cost reduction enabled by PA and FR for selection of mine depths (Fuel price 
AU$1.53) 
 
Figures 4.3(a) and 4.3(b) reflect the results expected when the cost of fuel is 50% higher at 
$1.53/l (after rebate has been deducted). With fuel costs making up a greater share of the haul 
costs the EMFW based ERS enables an even greater relative improvement in operating costs. 
While the FR strategy becomes more viable suggesting, for example, an improvement 
somewhat better than 3% for a 6000 kg system for all depths between 55 m and 204 m (see 
Fig. 4.3(b)), PA is still much better. PA is expected to achieve a minimum 3% improvement 
for all depths between 22 m to 320 m and better than 6% for the range between 59 m and 197 m 
(see Fig. 4.3(a)). The level of cost reduction expected for several of ERS mass values in 
combination with each of the two strategies at different fuel prices are contrasted in Table 4.3. 
In practice there would be limitations on the use of a PA strategy so that it would not always 
be able to exploit its full cost reduction potential. This is discussed in greater detail in 
Section 4.6 of this chapter.  
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Table 4.5 Depth ranges over which haul cost improvements better than 6% and 3% 
is expected using EMFW technology using PA and FR energy re-injection strategies 
and fuel prices as indicated 
Cost reduction > 6% > 3% 
 
> 3% 
ERS 
Mass 
 Min 
depth 
Max 
depth 
Min 
depth 
Max 
depth 
Min 
depth 
Max 
depth 
[kg] [m] [m] [m] [m] [m] [m] 
4000 
F
u
el
 a
t 
A
U
$
1
.0
2
/l
 
P
A
 S
tr
a
te
g
y
 
53 91 16 181 
F
R
 S
tr
a
te
g
y
 
- - 
6000 78 175 28 289 33 92 
8000 119 256 47 377 - - 
10 000 192 326 74 449 - - 
12 000 - - 110 511 - - 
4000 
F
u
el
 a
t 
A
U
$
1
.5
3
/l
 41 101 14 202 26 132 
6000 59 197 22 320 55 204 
8000 84 281 34 417 112 262 
10 000 123 358 51 498 275 314 
12 000 194 428 73 567 - - 
 
4.5.2  Expected economic benefit of LFP battery, EDLC and LIC ERS 
technologies  
In Chapter 3, the outcomes for chemical batteries and electric double layer capacitors were not 
positive. However, in that study, the possibility of using the ERS to reduce cycle time, thereby 
to some extent compensating for its impact on payload, was not considered. For the LiFePO4 
batteries considered, the charge rate was also limited to 1C in accordance with manufacturer’s 
guidelines. To ensure a fair evaluation of the potential of these technologies when using the 
PA strategy and increasing the chemical batteries’ charge rate in line with newly gained 
insights they are re-incorporated into this study.  
The contour plots in Fig. 4.4(a) show the expected results of using an LFP based ERS in 
combination with the PA strategy and allowing charge rates of 4C. In spite of limiting the 
accessible portion of the battery storage (see notes at Table 4.4) to 52% of actual capacity and 
incorporating replacement of batteries at EoL, batteries are expected to enable significant haul 
cost reductions. The cost reductions are achieved over a wide range of depths. Based on current 
assumptions and inputs, a minimum system mass of about 6000 kg would enable energy 
recovery at the rate at which energy enters the truck’s DC-link through the dynamic braking 
system during the ramp descent. An ERS of such mass would provide sufficient storage 
capacity to hold all recoverable energy down to 420 m. Beyond this depth an increase in system 
mass would be required to provide additional storage capacity as illustrated by the bend in 
contour plots around 420 m for mass values less than 6000 kg. Figure 4.4(b) shows that the FR 
strategy can be expected to be less beneficial than the PA strategy. Figure 4.5(a) and 4.5(b) 
show how an increase in fuel costs enables greater relative haul cost improvements. LFP 
technology can be expected to enable a 3% cost reduction even when using the FR strategy 
over depths from 150 to 500 m. 
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(a) 
 
(b) 
 
Figure 4.4(a-b) LiFePO4 battery enabled haul cost reduction using PA and FR strategies 
respectively. ERS assumed to cost AU$500 per kWh and cycle life at DOD of 100% is 4500 
cycles 
 
(a) 
 
(b) 
 
Figure 4.5(a-b) LiFePO4 battery enabled haul cost reduction using PA and FR strategies 
respectively Cycle life at 100% DOD is 4500 cycles. Fuel price is increased to AU$1.53 per 
litre 
 
Figure 4.6 shows that an LIC based ERS’s particular combination of specific power and 
specific energy is expected to enable haul cost improvements greater than 3% or even 5% over 
a noteworthy range of pit depths but not as great as EMFW or LiFePO4.  
Figure 4.7 shows that the EDLC based ERS’s combination of high specific power, low specific 
energy and high cost per kWh can only be expected to enable limited benefits for some 
combinations of shallow pit depth and ERS mass while using the PA strategy. The range of 
depths over which any particular size of ERS (as determined by its mass) is expected to provide 
beneficial use is small, as indicated by the narrow band of depths over which a 2% 
improvement is expected.  
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(a) 
 
(b) 
 
Figure 4.6 LIC enabled haul cost reduction 
using PA strategy 
Figure 4.7 EDLC enabled haul cost 
reduction using PA strategy 
 
4.5.3  Potential  of using modularity to improve benefit  
As mentioned in Chapter 3 the cell-based structure of chemical battery and LIC based ERS are 
better suited to modular design than EMFW. Being able to add or remove ERS modules of 
technologies with restricting specific energy characteristics (such as LIC and EDLC) allows 
better matching of the energy storage demands for a particular mine depth, while minimising 
the impact on payload. Figure 4.6 shows that LIC systems are not expected to reach a 6% haul 
cost reduction but should reach 3% or better over the range 40 to 200 m depending on the mass 
of the system. A single flywheel based ERS of about 4200 kg is expected to provide a cost 
reduction of at least 3% over a larger range than any combination of LIC based ERS’s would 
enable. In this respect LIC then does not appear to have a practical advantage over EMFW. 
When considering the retrofitting of existing trucks, modular storage is expected to have some 
advantage in being able to be distributed where space is available.  
4.5.4  Impact of change in specific energy (SE) for EMFW based ERS 
The specific energy storage capacity and specific power of Flywheel based ERCs are greatly 
influenced by flywheel design. Figure 4.8 compares the depth and mass ranges over which cost 
improvements better than 6% are expected, assuming a fixed cost of AU$ 5 556 per kWh, for 
an EMFW ERS having a specific energy at 50% (dashed line contour) and 200% (dotted line) 
of that used to produce Fig. 4.2(a) (solid line). A reduction in specific energy may result from 
having additional hardware, such as a gimbal or additional material used in containment.  An 
increase in specific energy could result from improvements in flywheel technology (see Conteh 
and Nsofor (2016) for example, which suggests that an 18 fold increase in specific energy of a 
flywheel rotor may be possible).   
For low specific energy flywheels the reduction in haulage costs is not as beneficial and the 
range of depths over which beneficial operation is expected for a given system mass is 
significantly narrower than before. Both reduction in haul costs and the effective range of 
depths over which beneficial operation is expected improves dramatically for flywheels having 
higher specific energy values. 
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Figure 4.8 Ranges over which 6% reduction in haul cost is 
expected for varied specific energy (SEr = specific energy ratio) 
4.5.5  Comparison of ERS technology and cost on haul cost reduction 
potential  
There is an expectation that the cost of battery technologies will reduce over the coming years, 
as has occurred for lithium-ion batteries (Nykvist & Nilsson, 2015). Figure 4.9 shows that a 
50% reduction in the cost of technologies drastically increases the effective range of haul cost 
reduction. Specifically, with this cost reduction, the LFP technology becomes viable for 
shallower mines, effectively encompassing most of the region where EMFW is preferred. 
EMFW retains an advantage over the range of depths between about 60 and 140 m using an 
EMFW ERS of about 5000 kg. EMFW ERS may therefore be particularly well suited to 
shallower mining applications such as coal mining. It is interesting to note that this range of 
superior performance for the EMFW does not change much whether its cost is assumed to be 
AU$5556 (Fig. 4.9(a)) or AU$2778 per kWh (Fig. 4.9(b)). An increase in the specific energy 
will further favour this advantage as shown in Fig. 4.8. 
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(a) ERS cost as per Table 4.2
 
(b) ERS cost at 50% of Table 4.2 values
 
Figure 4.9(a-b) Combined plot of the haul cost reduction contours (6% - solid line, 3% - dashed 
lines) for LiFePO4 (blue), EMFW (red) and LIC (green) based ERS using the PA strategy 
 
4.6  Discussion 
The PA strategy shows significantly higher potential for reducing mine haul costs than the FR 
strategy because it reduces the haul costs in a number of ways, including fuel consumption 
reduction and potentially reducing the number of trucks (and hence the associated costs). 
However, the PA strategy’s ability to reduce haul costs relies heavily on its ability to increase 
acceleration and up-ramp speed to reduce cycle time. There may be situations where increasing 
the on-ramp speed of a truck is not viable if there are slower trucks in the circuit or if waiting 
times at loaders and dumps are increased. In these limiting scenarios, the ERS would allow a 
natural transition from the PA to FR strategy. Using FR would still enabling fuel savings but 
not be able to realise the levels of haul cost reduction reflected for PA in Figs. 4.2-7. On average 
the haul cost reduction would then not be as high as the PA strategy would suggest, but not as 
low as the FR strategy. It would only be possible to objectively assess the implications of this 
occasional switching between strategies in the context of a suitably defined mine development 
plan with appropriate modelling of truck numbers and truck-loading equipment interaction. 
The reduction in haulage cost expected from a LiFePO4 based ERS using a fast charge protocol 
exceeds and the power augmentation (PA) strategy is superior to that of alternative 
technologies over a larger range of pit depths. Considering reductions in LIB cost per kWh 
over the last decade further reduction in the cost of LIB seems more likely than reduction in 
the cost of EMFW. Being able to capture recoverable energy at the required rate, EMFW is 
expected to provide greater cost reductions at shallower pit depths using a lighter ERS mass. 
The EMFW based ERS also achieves better results than the LiFePO4 based ERS when using 
the fuel replacement (FR) strategy.  
The use of an ERS on board a single truck in a truck fleet only enables use of the FR strategy 
with that truck. It is the combined effect of using ERS on all the trucks that enables application 
of the PA strategy. For ERS to enable significant haul cost reductions, the mining operation 
would have to be large enough that use of the PA strategy would result in using fewer trucks 
for a period of time or delaying the acquisition of an additional truck or trucks. In practice this 
is expected to establish a significant threshold in fleet size to gaining the expected reduction in 
haul costs. 
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4.7  Chapter Summary 
This chapter quantifies the potential of ERSs to reduce haul costs in surface mining. The results 
suggest that using appropriate technology and an appropriately sized ERS, holds significant 
potential to reduce haul cost over a range of pit depths especially if used with an energy re-
injection strategy that reduces cycle time. It is however, also clear that, being a complex 
function of several variables including the usage strategy, fuel cost, ERS cost (which is 
influenced by cycle life) and its impact on payload, the ERSs’ ability to reduce haul costs is 
not guaranteed.   
Of the four mobile energy storage technologies considered, LiFePO4 batteries (using a fast 
charge protocol) and EMFWs are expected to enable a meaningful reduction in the cost of mine 
haul operations. While EMFW is expected to achieve the greatest level of cost reduction, 
LiFePO4 technology is expected to be more easily adapted for modular use and may be easier 
to implement as a retrofit solution on existing trucks. The size and unitary design of an EMFW 
based system is expected to require appropriate truck design modifications to allow its 
integration on board a DEMHT and may be better suited to new truck designs.  
Surface mining involves a number of discrete processes. To achieve its greatest impact the ERS 
and energy re-injection strategy would have to be able to reduce the truck numbers at least for 
part of the mine’s life to materially impact mining costs. This would be easier to achieve in 
large mines where large truck fleets are employed. 
This chapter does not consider life of mine or appropriately deal with time value of money over 
the life of a mine. The best size and true benefit of an energy recovery system can only really 
be assessed in the context of a predefined life of mine with appropriate consideration of the 
time value of money and the amount of material that has to be mined from the various bench 
depths. This is the focus of the following two chapters. 
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5 ERSs’ POTENTIAL TO REDUCE HAUL COSTS OVER THE 
LIFE OF A 600 m DEEP SURFACE MINE  
5.1  Introduction  
Fuel is a significant cost for the operation of open-pit mining haul trucks. In Chapter 3, the 
installation of on-board energy recovery systems (ERS) to capture energy on descent, and 
reinject energy on ascent, was proposed to reduce fuel consumption. However, the additional 
mass of the energy recovery system reduces the payload of the truck, hence reducing 
productivity and effectively increasing other haul-related costs. For Chapter 4 a simulation 
program using appropriate models was developed to investigate how the installation of an ERS 
would affect the overall capital and operating costs of truck haulage at discrete depths of a 
mine. The ERS technology options found to be best suited to the applications are lithium iron 
phosphate (LiFePO4 or LFP) batteries using a fast charge strategy, and electro-mechanical 
flywheels (EMFWs). Using a power augmentation strategy that enables greater acceleration 
and ramp ascent speeds, the potential cost per tonne reduction considering a single isolated 
truck was estimated at up to 7%. 
The objective of this chapter is to quantify the cost reduction potential of an EMFW and an 
LFP based ERS, of fixed size, used on board a fleet of 313 tonne class diesel-electric mine haul 
trucks (DEMHT’s) over the life of a typical metalliferous surface mining operation.    
This chapter considers the economic implications of the size (which is closely linked to its 
mass) of an EMFW or an LFP based ERS used in the context of a pre-defined mine 
development and production plan spanning almost 20 years and reaching a maximum depth of 
600 m. Although Chapter 4 suggests that EMFW based ERSs offer some potential to reduce 
mine haul costs their effective range is expected to be limited to approximately 50 to 150 m. 
An LFP based ERS was expected to better suit the depth of mine considered in this research 
but both technologies are included to allow comparison. Since the mass and chosen technology 
of an ERS predetermine its energy recovery rate, storage capacity, cost and impact on payload 
this chapter considers ERS mass in increments of 1500 kg in the range from 1500 kg to 13 
500 kg giving 9 different truck-ERS configurations for each of the technologies. A discounted 
cash flow model (Net Present Cost, or NPC) is used in the simulation study. 
Following the literature review the method of determining the through life cost for each of 10 
potential truck configurations (including the standard truck without ERS) is described in the 
Methodology section. This is followed by the Results section comparing the two technologies 
and two energy re-injection strategies for most of the energy recovery system sizes over the 
entire project as well as on an annual basis. The more significant implications are then 
discussed followed by a summary and concluding remarks. 
5.2  Literature Review 
Chapter 3 shows, based on a simulation study, that an ERS of appropriate technology and size 
can be expected to provide as much as a 16% reduction in fuel consumption per tonne hauled 
for a range of bench depths. Chapter 4 shows that using recovered energy to increase power 
available to the wheels during acceleration and ramp ascent may be able to more than 
compensate for the loss in payload caused by the ERS. The reduced cycle time could potentially 
lead to an overall reduction in haul costs not only fuel costs. These studies do not evaluate the 
impact of a fixed ERS size used across a fleet of haul trucks over the life of a mine, nor is the 
time value of money appropriately considered. 
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Esfahanian (2014) considers the economic impact of using chemical battery based energy 
recovery on board haul trucks but does not consider the inevitable replacement of the batteries 
or the possibility of using a fast charge protocol to reduce the required ERS mass of the system 
or using the stored energy to reduce cycle times.  
5.3  Methodology 
Assumptions with respect to the truck and EMFW and LFP ERS characteristics and costs are 
the same as that used in Chapter 4. The more important of these include a truck empty vehicle 
mass of 257,678 kg, payload of 313 000 kg, rolling resistance at 2% of truck weight, truck 
drive system and brake recovery efficiency (rec) both at 85%, gross engine power at 2536 kW 
with a continuous auxiliary load of 146 kW and average brake specific diesel consumption of 
205.7 g/kWh. The truck price and service life are AU$ 7M and 7 years respectively. A set of 
six tyres is assumed to cost AU$ 270 000 with fuel at AU$ 1.02 per litre (AU$ 0.857 per kg). 
Return efficiency for both ERS technologies is assumed to be 81% (or 90% one way). The 
storage technologies’ costs are (as indicated in Chapter 4) assumed to be AU$ 5555/kWh for 
EMFW and AU$ 500/kWh for LFP.  
5.3.1  EMFW characteristics  
In Chapter 3 (3.16) is proposed as approximately expressing the specific energy (EWh/kg) of an 
EMFW based ERS as a function of its specific power (PW/kg),  
  𝐸𝑊ℎ/𝑘𝑔 = 122.369𝑃𝑊/𝑘𝑔
−0.43595569. 
The specific power for each EMFW ERS mass being evaluated is calculated by first calculating 
the recovery power Prec (that is the rate at which energy is returned to the DC-link when braking 
during ramp descent) using (5.1)7, 
 𝑃𝑟𝑒𝑐  =  EVM ∗ g ∗ (RG − RR) ∗  v ∗ 𝑟𝑒𝑐 , (5.1) 
(where: RG (ramp grade) = 0.1; RR (rolling resistance factor) = 0.02; EVM (empty vehicle 
mass) = 257,678 kg + ERS mass; g (gravitational acceleration) = 9.81 m/s2; v = down ramp 
speed (8.333 m/s [30 km/h]); rec (recovery efficiency) = 0.85), 
and then dividing Prec by the mass of the system being considered  
 𝑃𝑊/𝑘𝑔 =
𝑃𝑟𝑒𝑐
𝐸𝑅𝑆 𝑚𝑎𝑠𝑠
 . (5.2) 
Using (5.1) and (5.2) in this research implies that when determining the characteristics 
associated with an EMFW ERS of a certain mass, the system is in the first place sized to recover 
energy at the rate at which it is returned from the brakes to the DC-link. As an example, the 
mass of a 6000 kg ERS increases EVM to 263,678 kg hence Prec is 1466 kW. Using (5.2) the 
specific power would thus be 244.3 W/kg and from (3.16) the specific energy would be 
9.052 Wh/kg. As system mass increases the truck EVM only increases by a small proportion 
simultaneously leading to a decrease in the specific power and a small increase in the specific 
                                                 
7 Equation 5.1 is derived substituting expressions for Fr and Fg respectively from (3.5) and (3.6) into (3.10) and 
rearranging the equation. 
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energy. The cycle life of the EMFW ERS is assumed to be sufficient to match the service life 
of the truck not requiring replacement or significant maintenance during the life of the truck. 
5.3.2  LFP characteristics  
In contrast with EMFWs, the power and energy of LFP as well as other chemical energy storage 
device based ERSs are essentially linear functions of the ERS mass. The peak energy recovery 
rate cannot be changed by changing the design as is the case with EMFW designs. The specific 
energy of the LFP cells considered in this research is 98.82 Wh/kg (Anseán et al., 2013). Due 
to the mass of power electronics and installation hardware the specific energy for the system is 
assumed to be 57.97 Wh/kg (0.5866*98.82) using the approach presented in Chapter 3. At 4C8 
the specific charge power of LFP systems is therefore assumed to be 231.9 W/kg 
(4*57.97 W/kg).  
The capacity of cells deteriorates with use and for the cells considered approaches 80% of 
initial capacity (typically defined as the End of Life (EoL)), after 4500 cycles (Anseán et al., 
2013) of fully charging to available capacity and discharging. In Anseán et al. (2013) LFP cells 
are initially charged at 4C rate to 3.6V at which point 90% of the cell capacity was typically 
reached. This was then followed by constant current charging at a reduced rate of 1C until a 
cell voltage of 3.6V was reached again. The constant current charging was then followed by 
no more than 5 minutes of charging at constant voltage at 3.6V to reach 100% of cell capacity. 
During the tests an ambient temperature of 23°C was maintained. In this research we are 
primarily interested in the fast charging capability of the cells. In Anseán et al. (2013) the ‘fast 
charge’ capacity reduces approximately linearly from 90% to 72% (90% of 80%) of the cells’ 
initial capacity as the number of cycles increases to 4500 cycles. To avoid damaging the cells 
by fast charging at low state of charge (Keil & Jossen, 2016) and to maintain the LFP cell 
voltages within a narrow band to allow constant power charging, we envisage the lower 20% 
of cell capacity would not be allowed to discharge during truck operation. As the battery ages 
this buffer would reduce to 16% of the cells’ initial capacity (20% of 80%). The maximum 
amount of cell capacity that would therefore be accessible for high rate charging during truck 
descents was therefore set as 56% (72%-16%) of the initial capacity. Consequently, the 
effective system specific energy used to calculate the storage capacity as a function of system 
mass would be 32.46 Wh/kg (0.56*57.97 Wh/kg). 
Information contained in Wang et al. (2011) suggests that the battery life under a given set of 
operating conditions (of which temperature and charge rate are some of the more important) is 
the product of the cycle life (CL) and cell capacity (CC). Based on results in Anseán et al. 
(2013) we assume cell storage capacity to reduce linearly from 100% to 80% of its original 
capacity over 4500 cycles. The through-life capacity is therefore not 4500*CC but, considering 
the average amount of energy stored, would be 4500*(1.0+0.8)/2*CC or 4050*CC. A battery 
pack of 1kWh rating should therefore be able to store and discharge 4050 kWh of energy 
through its lifetime. To estimate the through life cell capacity available at high charge rate we 
needed to incorporate the upper limits applicable when new and at EoL as well as the lower 
limits applicable when new and at EoL. Equation 5.3 provides an estimate of the through life 
cell capacity incorporating appropriate lower and upper boundaries. 
                                                 
8 ‘C’ refers to the cell or battery’s rated capacity typically in ampere hour (Ah). Charging at a rate of 1C means 
recharging at a rate of 1 time the cell capacity per hour or 1*C [Ah]/[h]. Recharging at 4C therefore would in 
principle (but not in practice) allow recharging a cell in 15 minutes. In this thesis we assume approximately 
constant voltage charging and thus extend the definition to apply to energy rate [Wh/h] or power [W]  
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 𝐶𝐶𝑙𝑖𝑓𝑒 = (
(0.90+0.72)
2
−
(0.20+0.16)
2
) ∗ CL ∗ CC (5.3) 
Equation 5.3 implies that for each kWh of the rated capacity of the LFP battery being 
considered, it should be able to store and release a total of 2835 kWh (0.63*4500*1) before 
EoL is reached. The through life capacity is important in calculating service life of LFP systems 
and frequency of system renewal. 
5.3.3  Haul cycle definitions  
Haul cycles’ definitions are derived from the block-model (see Figs. 5.1 and 5.2). In addition 
to in-pit and waste dump ramp lengths calculated using the elevation change between ramp 
entry and exit at an assumed grade of 10%, the distance travelled in pit from ramp to loading 
equipment is assumed to be a fixed value of 60 m with the distance between ramp exit and 
crusher and waste heap crest to waste heap dump both fixed at 100 m.  
5.3.4  Energy use strategies  
The two approaches to using the recovered energy presented in Chapter 4 were also used for 
this Chapter. The fuel replacement (FR) strategy maintains the speed along the haul cycle the 
same as without an ERS but uses the recovered energy to reduce power from the on-board 
diesel generator thus reducing fuel consumption (as well as engine wear). The power 
augmentation (PA) strategy would not reduce power from the diesel generator but would 
augment the power available to wheel motors during acceleration and when ascending the 
ramps. The rate of energy release for both strategies is such that all stored energy is used up 
during the ramp ascent. In operating conditions where the reduced cycle times of the PA 
strategy would lead to more time spent queuing at the loading equipment or dump locations 
the level of power contributed by the engine could be varied between that of the FR and the 
maximum power as used for the PA strategy to better regulate truck cycle times. In this chapter 
only the two distinct strategies, FR and PA, are considered.   
5.3.5  Financial parameters  
Financial parameters assumed include an inflation rate of 2.5% on all expenses other than 
batteries, interest rate at 4.0% and discount rate at 10.0%. Trucks are assumed to be purchased 
using a 5-year loan period. In line with results from (Nykvist & Nilsson, 2015) the inflation for 
LFP batteries is negative and is assumed to result in costs decreasing by 8% each year. The 
assumed inflation rate is conservative when compared to results in Knupfer, Hensley, Hertzke, 
and Schaufuss (2017) reflecting an average 28% drop in the price of battery packs from year 
to year between 2010 and 2016. 
5.3.6  Simulation program 
The impact on haul cost of energy recovery using either of the two energy storage technologies 
was assessed using a four-step process. The steps included; 1) Defining the life of mine using 
an appropriate block model; 2) Using simulation to determine cycle time, fuel consumption 
and amount of energy stored, for each of 240 potential haul cycles (derived from the block 
model), for each of 10 truck configurations (1 standard truck configuration and 9 ERS sizes), 
for each of the two energy re-use strategies; 3) Calculating for each combination of truck 
configuration and energy re-use strategy; the number of trucks required for each year over the 
life of mine (LoM), the annual fuel consumption expected and, the total amount of energy 
stored (to assist with battery wear calculations); 4) Calculation of through life cost implications 
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for each combination of truck configuration-energy re-use strategy, assuming the same 
configuration is used over the life of the mine. Steps 2 to 4 was repeated for each of the ERS 
technologies. Appendix A Fig. A.3 gives a graphical representation of the four life of mine 
analysis stages used to determine the net present haul costs for a mining project. Each of the 
four steps will be expanded on in the following paragraphs. 
Step 1 - Block model definition 
The life of mine was defined using a newly generated block model. A cross section of the block 
model and a representation of the five pushbacks in terms of depth and year are included in 
Fig. 5.1 and 5.2. The block model provides information such as bench depth, ore dump 
elevation, waste dump elevation, the extent of pushbacks, and the amount of ore and waste 
expected to be mined from each bench and the year in which it will be mined as determined by 
the pushback. The block model thus enables defining haul cycle characteristics as they change 
over the life of the mine. The target removal rate for the hypothetical mine is 4000 blocks (of 
3375m3 each) per year for the first 19 years with a reduced target of 3356 blocks in the 20th 
year. The density of material mined is assumed to be 2.8 tonne/m3 for both ore and waste.  
Step 2 - Determining cycle-time, fuel consumption and energy stored per cycle as dependent 
on haul route definition, truck configuration and energy re-use strategy 
The simulation program described in Chapter 3 was developed to investigate the fuel savings 
potential of various ERS technologies if used on board DEMHT. This simulation program was 
modified to firstly determine the cycle-time and fuel used per cycle for a standard truck and 
then the cycle-time, fuel used per cycle and energy stored per cycle for each of the truck-ERS 
configurations. This is repeated for both the energy re-injection strategies. The standard truck 
is defined using the parameters of the diesel–electric drive Caterpillar 795F-AC as available in 
published media (Caterpillar, 2013, 2015) or, where needed, using assumptions stated earlier. 
Alternative truck-ERS configurations are defined as having ERS of increasing capacity added 
to the standard truck. For each configuration the truck’s payload is reduced by the mass of the 
ERS.  
Step 3 - Truck numbers required, annual fuel consumption and energy stored per year 
Assuming availability, utilisation and effective utilisation of 90%, 85% and 90% respectively 
for 363 days per year gives a maximum of 5998 effective production hours per truck. The total 
amount of time that will be spent by all trucks working a particular haul cycle in a particular 
year (𝑡sum_hc𝑖𝑦) can be approximated dividing the amount of material that will be hauled in that 
year using that haul cycle (𝑀ℎ𝑐𝑖𝑦), by the payload of the truck configuration under 
consideration (𝑝𝑙𝑐𝑜𝑛𝑓𝑖𝑔𝑗) and multiplying that with the associated cycle duration (𝑡ℎ𝑐𝑖) 
determined in step 2.  
 𝑡𝑠𝑢𝑚_hc𝑖𝑦 =
𝑀ℎ𝑐𝑖𝑦
𝑝𝑙𝑐𝑜𝑛𝑓𝑖𝑔𝑗
𝑡ℎ𝑐𝑖 (5.4) 
Repeating this for all material to be mined in year ‘y’ for each of the haul cycles used in that 
year and then summing all the time values calculated suggests the number of effective 
production hours 𝑡𝑒𝑓𝑓𝑦 required for that year.  
 𝑡𝑒𝑓𝑓𝑦 =  ∑ 𝑡𝑠𝑢𝑚_hc𝑖𝑦  
𝑖′
𝑖  (for all haul cycles i used in y) (5.5) 
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Dividing 𝑡𝑒𝑓𝑓𝑦 by the maximum productive hours available to each truck gives the number of 
trucks of the particular configuration 𝑛𝑐𝑜𝑛𝑓𝑖𝑔𝑗 required. 
 𝑛𝑐𝑜𝑛𝑓𝑖𝑔𝑗 =  
𝑡𝑒𝑓𝑓_𝑦  
5998
 (5.6) 
The value calculated is then rounded up to the next higher integer value 𝑁𝑐𝑜𝑛𝑓𝑖𝑔𝑗 generally 
resulting in a somewhat over-trucked operation.  
The number of cycles of each type of haul cycle that will be required in a year enables 
summation of the total mass of fuel for that year. The amount of energy that will be stored to 
the energy storage devices can be summed in the same manner to enable battery service life 
calculations in step 4. 
Step 4 – Life of mine haul cost calculations 
In this work, we assume that new trucks are acquired at the beginning of each year based on 
the number of trucks needed to haul the target amount of material. When trucks are retired due 
to age they are only replaced if additional trucks are needed.  
For a certain year, truck configuration and energy re-injection strategy the required fleet size 
as determined in Step 3 is used in combination with the assumed truck life (7 years) to 
determine the number of trucks to be added or replaced. The capital cost of acquiring new 
trucks is determined using the assumed amortisation period of 5 years.  
The acquisition and replacement cost of the LFP based ERS is treated in a similar way to other 
consumable items such as fuel or tyres. The effective cost per kWh of energy stored using the 
LFP technology can thus be approximated as AU$ 500/2835 kWh or AU$ 0.1764 per kWh 
(AU$ 0.04899 per MJ) stored in the first year. 
The annual cost of drivers for year ‘y’, 𝐶𝑑𝑟𝑖𝑣𝑒𝑟𝑠_𝑦 is calculated using  
 𝐶𝑑𝑟𝑖𝑣𝑒𝑟𝑠𝑦 = 𝑁𝑐𝑜𝑛𝑓𝑖𝑔𝑗  𝑛𝑑𝑟𝑖𝑣𝑒𝑟𝑠𝐶𝑑𝑟𝑖𝑣𝑒𝑟_𝑎𝑛𝑛. (5.7) 
𝑁𝑐𝑜𝑛𝑓𝑖𝑔𝑗= number of trucks of configuration ‘j’; 𝑛𝑑𝑟𝑖𝑣𝑒𝑟𝑠 = drivers per truck = 4.3 (Bellamy & 
Pravica, 2011); Cdriver_ann =  annual cost per driver = AU$ 152,784 (Bellamy & Pravica, 2011) 
The total number of effective productive hours is the sum of the duration of all the cycles 
completed in a year for all trucks. Labour, maintenance and repair cost is calculated using a 
rate of AU$ 154.40 per truck per productive hour as in Chapter 4. Assuming a tyre life of 6000 
hours the cost for tyres is approximated as AU$ 45 per truck per productive hour (refer Chapter 
4). In practice tyre wear is to a large extend determined by load carried and the distance 
travelled. Using an ERS would necessitate additional cycles to compensate for the payload 
loss. For both the energy re-use strategies the increase in tyre use can be calculated by 
multiplying typical use with a payload ratio PR,  
 𝑃𝑅 =
𝑝𝑎𝑦𝑙𝑜𝑎𝑑
(𝑝𝑎𝑦𝑙𝑜𝑎𝑑−𝐸𝑅𝑆 𝑚𝑎𝑠𝑠)
. (5.8) 
For a 313 000 kg payload and 6000 kg ERS mass the tyre use would be increased by about 
1.95%. 
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Even though the PA strategy would increase the force at the wheels during acceleration, the 
force required to push the truck and load up the ramp will remain much the same. The additional 
wear that may result from the increased power at the wheel when using the PA strategy would 
be difficult to quantify and was not attempted in this research. The increased speed may also 
cause complications with tyres overheating in high temperature climates.  
Annual cost of fuel for each truck configuration is the product of the fuel price and the amount 
of fuel used as determined in Step 3 for that truck configuration. 
To incorporate financial impact of the timing of acquisition of trucks and the timing of other 
expenses such as the drivers, maintenance and labour, tyres, fuel and ERS acquisition or 
renewals, the related expenses are discounted to the start of the life of mine using the assumed 
discount rate of 10%.  
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Figure 5.1 Cross section of mine showing pushback extents 
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Figure 5.2 Block model for 600 m deep mine  
Note: Block model shows amounts of material (15m*15m*15m blocks) that needs to be mined, from each depth, the year in which it should be 
done and as part of which pushback. The greyed-out cells in the block model for waste reflect combinations of bench depth (second column) and 
waste dump height (second row) that will not occur in practice 
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5.4  Case Study Simulation Results   
Figure 5.3(a) and 5.4(a) show that, if using the fuel replacement strategy (FR) all haul related costs 
other than fuel use increases with an increase in ERS mass. Despite anticipated fuel savings reaching 
better than 10% for some EMFW configurations, those systems expected to give the best economic 
result (the 4500 kg and 6000 kg systems) are only expected to reduce the haul cost by about 0.9% 
(see ‘combined cost’ curve in Fig. 5.3(a). Using an EMFW system with the power augmentation 
(PA) strategy (Fig 5.3(b)) is expected to perform notably better but requires a 7500 kg system to 
provide the peak reduction of 4.6% in net present haul costs (NPHC). 
For LFP a 6000 kg system is expected to provide the greatest benefit irrespective of fuel re-injection 
strategy and is expected to enable a 1.4% reduction in haul costs using the FR strategy (Fig. 5.4(a)) 
and 6.2% using the PA strategy (Fig. 5.4(b)) over the life of the project. 
(a) 
 
(b) 
 
Figure 5.3(a-b) Relative change in cost components with changes in EMFW ERS mass using: (a) 
fuel replacement strategy, and (b) power augmentation strategy over the life of the project 
 
(a) 
 
(b) 
 
Figure 5.4(a-b) Relative change in cost components with changes in LFP ERS mass using: (a) 
fuel replacement strategy, and (b) power augmentation strategy over the life of the project 
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Table 5.1 provides a summary of the system characteristics and expected system costs. It also 
provides some insight to detail associated results for ERS systems that show the greatest promise 
to reduce mine haul cost over the life of the project. Comparing the values reflected for the FR 
strategy for the 6000 kg EMFW and 6000 kg LFP in Table 5.1 it is interesting to note that despite 
the greater acquisition cost the energy storage cost for EMFW is less than that of the LFP system. 
However, the LFP technology makes up for its greater cost by providing greater cost savings on 
several of the other expenses giving the LFP system a slightly better overall result than the EMFW. 
The heavier 7500 kg EMFW system will have greater storage capacity better suited to deeper mines 
where it will enable greater fuel savings. However, the heavier systems will also cost more, leading 
to it not being able to match the overall result of the 6000 kg EMFW when using the FR strategy. 
Using the PA strategy, the ERSs are better able to compensate for the loss in payload and its own 
cost. When exploiting the benefits of the PA strategy the 7500 kg EMFW system is somewhat better 
than the 6000 kg EMFW system but it is not as good as the 6000 kg LFP system.  
 
Table 5.1 Net present cost of each haul cost element expressed as a percentage of the 
cost of operations for trucks without ERS for a selection of technology and system 
mass combinations with given characteristics 
Technology EMFW LiFePO4 
System mass 6000 kg 7500 kg 6000 kg 
Specific power 244.3 W/kg 196.5 W/kg 231.9 W/kg 
Peak recovery rate 1466 kW 1474 kW 1391.3 kW 
Specific Energy (Useable) 9.052 Wh/kg 12.24 Wh/kg 32.46 Wh/kg 
Storage capacity 54.31 kWh 91.8 kWh 194.8 kWh 
System cost estimate AU$ 301,692 AU$ 509,949 AU$ 97,400 
Cost Element 
Standard  
(No ERS) 
FR 
strategy 
PA 
strategy 
FR 
strategy 
PA 
strategy 
FR 
strategy 
PA 
strategy 
Truck 
Acquisition 
30.2% 30.7% 28.5% 30.7% 28.2% 30.7% 27.9% 
Fuel 38.1% 34.5% 34.8% 34.0% 34.2% 33.0% 32.9% 
LMR 21.5% 21.9% 21.0% 22.0% 20.9% 21.9% 20.3% 
Tyre 6.3% 6.4% 6.4% 6.4% 6.4% 6.4% 6.4% 
Driver 3.9% 3.9% 3.6% 3.9% 3.6% 3.9% 3.6% 
Energy 
Storage 
- 1.7% 1.5% 2.3% 2.1% 2.7% 2.7% 
Savings - 0.9% 4.2% 0.6% 4.6% 1.4% 6.2% 
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(a) 
 
(b) 
 
Figure 5.5(a-b) Share of various haul cost elements as expected for a standard truck (left), and a 
truck with 6000 kg LFP based ERS using PA strategy (right) also showing expected savings over 
the life of the mine using the PA strategy.  
Figure 5.5 provides a visual representation of the results for the LFP system (6000 kg) expected to 
provide the most significant haul cost reduction over the project if using the PA strategy. All costs 
are expressed as a percentage of the overall haul cost expected when using a fleet of standard trucks. 
Due to the importance of timing of expenses in mine related costs, the impact of ERS will now be 
considered based on NPC of mine haul costs for different years of the mining operation. Because 
of its superior results the LFP systems will be considered first. Figure 5.6 shows the net present cost 
of haul expenses for individual years for a selection of LFP based ERS configurations making use 
of the FR strategy. Only a selection of the ERS mass configurations is included to improve clarity. 
In the first four years during which the first two pushbacks are mined out, and the third and fourth 
are started9(see Fig. 5.2), not one of the LFP configurations is expected to reduce the NPC of haul 
operations. By design the FR strategy would not reduce truck numbers at any time. In year 12 an 
additional truck will be required for all truck fleets making use of ERS, as a result of the reduced 
payload. After year 12, some of the heavier systems also lead to a need for additional trucks in years 
13, 15 and 19. 
                                                 
9 The maximum depth reached during the first four years is 240 m but the bulk of material is mined from 15 m to 
approximately 165m deep. 
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Figure 5.6 Net present cost of haul operations for the standard truck and a selection of truck-LFP 
ERS configurations (using the FR strategy) for each year 
In Fig. 5.6 the effect of the additional trucks is visible as relative increases in NPC for the 
corresponding years. From year five onward the 6000 kg LFP system is expected to perform better 
than both the heavier and lighter configurations in most years. Figure 5.7 shows that the 6000 kg 
LFP system enables the lowest or one of the lowest fuel use figures for all years except year 20. 
The lack of economic benefit despite fuel savings in the first four years and years 12, 15 and 19 
must be compensated for by savings in other years to realise the marginal 1.4% improvement 
reflected in Table 5.1. If only the FR strategy can be used it would be more cost effective not to use 
LFP ERS in the first four years. It seems likely to be more cost effective not to use in years 12,15 
and 19 but this will alter the truck acquisition schedule and the full consequence for the following 
years is not clear. Not using ERS is expected to have a greater environmental impact due to 
increased fuel use. 
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Figure 5.7 Fuel consumption for the standard truck and a selection of truck-LFP ERS 
configurations (using the FR strategy) for each year 
 
Figure 5.8 Net present cost of haul operations for the standard truck and a selection of truck-EMFW 
ERS configurations (using the FR strategy) for each year 
The poor performance of LFP-ERS associated with shallow pit depth in years one to four invites a 
closer look at the performance of EMFWs during this period. As indicated in Chapter 4 the 50 m to 
150 m range of depth is more likely to benefit from an EMFW system of around 5000 kg. Figure 
5.8 shows that the lighter EMFW systems (3000-6000 kg) are expected to not only provide some 
haul cost improvements during the first four years but up to year 11 even if only using the FR 
strategy. Looking at the overall result (reflected in Table 5.1) however, the desirable performance 
in the first 11 years does not enable it to match the long-term results of the LFP based system. 
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Figures 5.9 and 5.10 show the net present cost of haul expenses for individual years for a selection 
of LFP and EMFW based ERS configurations making use of the PA strategy. Results are generally 
better than that reflected for the FR strategy in Figs. 5.6 and 5.8. For both technologies the 6000 kg 
and heavier configurations are expected to delay the purchase of at least one truck in the first as 
well as the second year, as well as several years following year seven (refer Fig. 5.11). Although it 
is somewhat difficult to compare the results in Figs. 5.9 and 5.10, some general observations can be 
made. In Fig. 5.9 the 3000 kg and 4500 kg LFP systems don’t do as well as the heavier systems in 
improving on the standard truck fleet’s costs (see years 1,2,8,9,11,14-19). The poor performance of 
the lighter LFP ERS can be explained by their limited energy storage rate not enabling these systems 
to capture the energy required to make a meaningful difference. From year 8 onward (except years 
12 and 13) the heavier configurations generally succeed in reducing haul costs with the 6000 kg 
LFP system regularly featuring at or near the point of minimum haul cost. For EMFW reflected in 
Fig. 5.10 some of the lighter configurations succeed in improving the haul costs while pit depth are 
shallow and impressive savings are enabled in year 8 and 9 for most of the configurations. The 
desirable performance is in part due to the EMFW being sized (using (3.16), (5.1) and (5.2)) to 
capture energy at the rate at which it is returned to the truck’s DC-link. In the last two years the use 
of EMFW is only expected to increase haul costs due to having insufficient energy storage capacity.  
 
Figure 5.9 Net present cost of haul operations for the standard truck and a selection of truck-LFP 
ERS configurations (using the PA strategy) for each year 
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Figure 5.10 Net present cost of haul operations for the standard truck and a selection of truck-
EMFW ERS configurations (using the PA strategy) for each year of mining  
 
 
Figure 5.11 Timing and quantity of truck acquisitions to enlarge fleet or replace aged trucks  
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Figure 5.12 Comparison of accumulated savings as changed by system mass 
and technology using the PA strategy over the project duration 
Figure 5.12 provides interesting insight into the savings enabled by a small selection of ERS 
configurations, using the PA strategy, as it changes over the course of the project. Although the 
ERSs generally reduce the haul costs compared to that of a fleet of standard trucks there are several 
occasions, such as years 6, 12 and 13 where the majority of ERSs increase haul costs. Increases also 
result from EMFW based ERSs in years 19 and 20. Despite the set-backs a net saving is still 
expected. As shown, the 6000 kg LFP system enables the greatest savings over the whole project. 
In Fig. 5.12 it shows consistently greater savings than its closest rivals, the 7500 and 9000 kg LFP 
systems. When compared to the EMFW ERSs, the 6000 kg LFP system only surpasses the 
accumulated savings of the 4500 kg EMFW after year 10, the 6000 kg EMFW system after year 13 
and the 7500 kg EMFW system around year 14. 
 
Figure 5.13 Comparison of accumulated savings as changed by system mass and 
technology using the FR strategy over the project duration 
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Figure 5.13 contrasts the two technologies over time if using the FR strategy. While the use of the 
EMFW shows marginally improved results from the first year, the best of the LFP systems only 
recovers from the increased costs caused by its use after year 7 with others taking even longer. 
Despite the bad start the 6000 kg LFP system enables the greatest savings over the whole project 
while the EMFW technology flounders after year 11. The results in Figs. 5.12 and 5.13 suggest that 
additional benefit may be gained using different technologies over different periods of the mining 
project. The favourable results of the 4500 kg EMFW up to year 6, the 7500 kg EMFW from year 
7 to 14 and the 6000 kg LFP from year 14 to the end of the project deserves to be highlighted. 
5.5  Discussion 
5.5.1  Implications of LFP ERS mass and capacity  
The 6000 kg LFP based ERS is expected to perform well on board the modelled truck. The reason 
for its good performance can be explained by the close match between its ability to recover energy 
and the rate at which energy becomes available at the DC-link. As mentioned, both the rate at which 
energy can be recovered and the storage capacity increases in direct relation to the mass of LFP and 
other chemical-based energy storage devices.  
Substituting appropriate values into (5.1) for a 6000 kg LFP ERS, shows that energy can be 
expected to return to the DC-link - and ideally diverted to storage - at a rate of 1466 kW. At a charge 
rate of 4C (231.9 W/kg) an LFP based ERS of 6000 kg would be able to withdraw and store energy 
from the DC-link at a rate of 1391.3 kW which is about 95% of the required 1466 kW rate. Using 
this size of LFP ERS only a small portion of the brake energy would need to be diverted to the 
resistor grid.  At 32.46 Wh/kg a 6000 kg LFP system would also provide 194.8 kWh [701.3 MJ] of 
energy storage capacity as indicated in Table 5.1. Setting Estored_kWh to 194.8 kWh and using (5.9-
5.11) the change in elevation corresponding to the amount of stored energy can be calculated as 
approximately 443 m. 
 Estored_kWh  =
 (RG−RR)∗EVM∗ g∗𝑟𝑒𝑐 ∗𝑠𝑡𝑜𝑟𝑒∗𝑠
3 600 000
, (5.9) 
 𝑠 =
3 600 000∗ EstoredkWh
(RG−RR)∗EVM∗ g∗𝑟𝑒𝑐 ∗𝑠𝑡𝑜𝑟𝑒
, (5.10) 
 𝛥ℎ = 𝑠 ∗ 𝑅𝐺, (5.11) 
 
with variables: RG = ramp grade (0.1); RR = rolling resistance factor (0.02); EVM = empty vehicle 
mass with ERS (263,678 kg); g = gravitational acceleration (9.81 m/s2); rec = recovery efficiency 
(0.85); store = charging efficiency (0.9); s = distance travelled [m]; Δh = elevation change [m] 
For the chosen truck operating under stated conditions a 6322 kg LFP ERS would be the right size 
to satisfy the required 1466 kW energy recovery rate (6322 kg*231.9 W/kg), while providing 
sufficient storage for a 467 m deep descent. Systems less than 6322 kg would not be able to recover 
the energy at the required rate causing some of the energy to be diverted to the resistor grid and thus 
lost. Heavier systems would more than satisfy the needed energy recovery rate but only provide 
additional benefit for haul cycles where the change in elevation is greater than about 467 m. 
Although the largest proportion of material is mined from shallower depths the greatest amount of 
energy can be recovered from the greater depths reached later in the mine’s life. When the elevation 
changes are greater, more of the fuel is consumed on the up ramp and the time spent on flat haul 
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becomes a less significant part of the cycle time. The capacity of a 6000 kg LFP system to capture 
the energy at close to the required rate while also capable of providing a significant amount of 
storage for greater elevation changes enabling reduction of cycle time is believed to be an important 
part of its anticipated success in this depth of mine. For the particular size of truck a 6322 kg system 
would be preferable and should enable marginally better results. 
5.5.2  CO2  emissions  
Using a 6000 kg LFP based ERS with either of the energy re-injection strategies is expected to 
reduce fuel consumed in haul operations by almost 37.74 ML (13.55%). The reduction in diesel 
consumed would translate to a reduction in CO2 emissions of approximately 119.3*10
3 tonne. This 
value does not take into account the CO2 and other greenhouse gas emissions emitted during 
manufacture of the energy recovery systems. Romare and Dahllöf (2017) estimates the greenhouse 
gas emissions resulting from the production of lithium-ion batteries to be between 150 and 200 kg 
of CO2 equivalent emissions per kWh of battery capacity. Using a 6000 kg LFP ERS system 
approximately 79,853 kWh of cells would be ‘consumed’ over the life of the project. Producing 
these cells would result in approximately 11.98*103 to 15.97*103 tonnes of CO2-eq emissions. This 
is between 10.0 and 13.4% of the amount of emissions avoided. The use of the LFP ERS is thus 
expected to result in a net reduction of more than 103 kilo-tonne of CO2 equivalent emissions.  
5.5.3  Preferred energy use strategy  
For each technology the fuel consumption is essentially the same whether using the PA strategy or 
the FR strategy. Any advantage that the PA strategy is shown to have over the FR strategy therefore 
results from a reduction in truck numbers at critical times in the mine life, or a delay in the 
acquisition of more trucks, both causing a reduction in driver, maintenance and repair costs. If a 
mine is under-trucked the PA strategy’s ability to reduce cycle time would ensure trucks return to 
the loader more quickly allowing it to not only compensate for the reduction in payload caused by 
the ERS but could provide an increase in haul rate with fewer trucks providing the positive 
economic results shown in this chapter. However, in practice mines can be expected to be operated 
over-trucked implying the trucks will often be waiting in queues either at the loading equipment or 
at the dump location. Under such operating conditions increasing acceleration and up-ramp speed 
will only increase waiting time and not improve production. Although the PA strategy appears to 
hold significant potential to reduce project haul costs it will not always be practical or beneficial to 
use the PA strategy and the net savings will depend on the extent to which the PA strategy can be 
used over the course of the project. The flexibility that will be inherent to the system would allow 
use of the FR strategy, taking advantage of its capacity to reduce fuel consumption and CO2 
emissions, or to use the PA strategy and benefit from its ability to increase throughput as and when 
required.  
5.5.4  Practical limitations and risk  
A practical complication that may arise from using the PA strategy could occur when a truck is 
required to haul its load to a dump location at a different elevation to that used in the preceding 
cycle (such as when changing from an ore cycle to a waste cycle). If the truck is required to reach 
a higher elevation in the subsequent cycle there would be a shortfall in the amount of recovered 
energy and the particular truck would not be able to reach the same up-ramp speeds as other trucks 
that do not have this shortfall. A way of overcoming the energy shortfall is to use engine power to 
provide additional charge to the ERS while the engine power demand is low, such as when being 
loaded or during flat haul. If the truck is required to reach a dump location at lower elevation than 
the preceding cycle it may be possible to use all energy stored or to maintain some energy in storage 
 84 
 
for use in future cycles. The energy management decision process could become quite complex 
when there is significant variation in the elevation change of haul cycles. 
Wang et al. (2011) shows that both high and low temperatures can be detrimental to the cycle life 
of LFP batteries. Their results show the lowest aging rate at 15°C with faster aging at higher 
temperatures. Low temperature (0°C) is also shown to be detrimental although a different aging 
mechanism is suspected. The fast charging strategies reported on by Anseán et al. (2016); Anseán 
et al. (2013) and Keil and Jossen (2016) are all done within tightly controlled ambient temperatures 
of 23°C with cell temperatures not rising much above 25°C. To get similar performance in any 
industrial application would therefore require close management of the temperature and therefore 
sufficient cooling capacity. An indicative figure of the cooling capacity could be derived from the 
energy storage rate and storage system efficiency (90%). Which at 1466 kW imply that heat would 
be released at 147 kW. This would not be a continuous rate, so the cooling system should not need 
to be rated at 147 kW cooling capacity in practice. However, even a significantly smaller system 
would still add to the system mass and complexity and require energy input which has not been 
accounted for in this study. In hot climates such as the Pilbara there could be a need to maintain 
acceptable temperatures for some time after a high rate charging event (i.e. ramp descent) to ensure 
battery safety and longevity.  
The energy storage capacity of flywheel is a function of the square of its rotational speed. Very high 
rotational speeds are therefore used to increase the energy storage per unit mass. In some industrial 
applications speeds of up to 60 000 rpm (Morey, 2013) are used and can be considered dangerous. 
While this risk can be managed by not operating the flywheels too close to their design limits and 
adding explosion proof enclosures, it would still be preferred to operate such trucks with minimal 
human interaction and to substantially reduce the rotor speed of such units when there are people in 
the vicinity. The use of autonomous trucks may go a long way to achieving the preferred operating 
scenario.  
5.5.5  Impact of working with unmanned trucks  
In view of reported benefits (Moore, 2016) at several mine sites the use of autonomous trucks can 
be expected to continue to grow. Part of the cost benefit associated with the PA strategy is due to a 
reduction in driver costs as is evident from Figs. 5.3(b) and 5.4(b). With this cost element essentially 
falling away, the PA strategy’s ability to reduce mine haul costs will be marginally reduced. 
However, the use of autonomous driving systems can be expected to provide consistent optimal use 
of energy recovery systems that can be adjusted to match immediate requirements with great 
accuracy and consistency. It could, for instance, use an energy re-injection strategy that strikes a 
balance between the speed of the PA strategy and fuel savings of the FR strategy thereby getting 
the best possible performance from ERS. 
5.5.6  Alternative application of ERSs 
A potential use strategy not considered in this chapter includes the ability to temporarily store 
energy from the engine into storage during periods of lower power operation. Although drive power 
provided in this way will be more expensive than drive power supplied directly from the engine to 
the drive system, it may be used to provide additional drive power when the operation could benefit 
from this. Situations may include partly compensating for required trucks not being operationally 
available due to unexpected down time. It may also be able to provide a further reduction in cycle 
time, postponing or avoiding acquisition of trucks in those years where the number of trucks 
available is marginally insufficient.  
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5.5.7  Changing ERS technology during project  
The results in Fig. 5.12 strongly suggests that additional benefit could be gained using different 
technologies over different periods of the mining project. Although this may have some advantages 
the costs reflected in any particular year is often the result of an event or even a sequence of events 
that occurred in earlier years. The availability of a sufficient number of trucks or the necessity to 
purchase new ones may be very dependent on the age and therefore timing of purchase of older 
trucks. Making a change at any point is likely to have undesirable consequences. An approach that 
may be beneficial could be to use two fleets making use of different technologies each appropriately 
sized for its particular application. 
5.6  Chapter Summary 
The economic impact of an ERS is a complex function of a large number of variables including 
combinations of pit depth, amount of material at various depth, specific energy and specific power 
of the ERS (as determined by the choice of technology), the mass of the ERS, the energy re-injection 
strategy that can be used, truck and haul-route characteristics, the cost of fuel, equipment, material 
and labour and the timing of expenses. As a result, any selection of ERS technology and mass will 
inevitably be sub-optimal for much of the mine’s life. 
The results in this chapter suggest that the use of an appropriately sized ERS using the right 
technology can be expected to have an economically significant impact on haul costs primarily 
through a reduction of fuel used and by reducing the number of trucks required to achieve mining 
targets. 
For the life of mine considered, LFP based ERSs of about 6000 kg each, used across a fleet of 313 
tonne class trucks, are expected to give significantly better results than the EMFW-based ERSs, 
potentially providing a reduction in haul cost between 1.4 and 6.2% as opposed to 0.9 and 4.2% for 
EMFW systems of equivalent mass. The larger storage capacity of the LFP based system enables 
greater ramp ascent speeds and reduced cycle time expected to give an overall reduction in haul 
costs. The cost reductions are expected in-spite of occasional battery replacements. The consistent 
reduction in the cost of lithium-based batteries seen in the past (Knupfer et al., 2017; Nykvist & 
Nilsson, 2015) is expected to continue and bodes well for the future of LFP and potentially other 
chemical battery technologies with a fast charge capability in this application.10 
The results of this chapter affirm the conclusion in Chapter 4 that EMFW is not the ERS technology 
of choice for deep mining applications. However, it still seems to hold some potential for shallow 
applications as indicated by the positive results for the first four years of the mining operation when 
using the FR strategy or up to year 14 when using the PA strategy. 
  
                                                 
10 Chapter 7 explores the sensitivity of NPHC to variation of several system parameters. Variations in the cost of 
batteries is considered under the Section 7.3.2 - “NPHC sensitivity to parameter variations for LFP-based ERS” sub-
section “ERS cost and cycle life”. The graphs clearly show the very favourable influence of battery costs being lower 
than the assumed values. 
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6 ERSs’ POTENTIAL TO REDUCE HAUL COSTS OVER THE 
LIFE OF A 240 m DEEP SURFACE MINE  
6.1  Introduction 
Coal mining projects typically involve a shallower mine over a larger footprint than metalliferous 
mines. To investigate and determine the most effective ERS for such shallower applications this 
chapter considers the effect in a 240 m deep surface mine. This investigation is motivated by the 
observations in Chapter 4 that EMFWs outperform LFP in shallow mines and that the EMFWs 
outperformed LFP for the first 10 to 14 years (depending on the mass of the ERS) for the depth of 
mine considered in Chapter 5.  
6.2  Methodology 
The methodology used in this chapter is the same as that used in Chapter 5 with input parameters 
appropriately changed. The block model used in Chapter 5 was modified using the maximum depth 
reached in the 2nd pushback as the maximum depth for this hypothetical mining project. The plan 
view and cross section of the new mining project is included in Fig. 6.1 and the number of blocks 
to be mined, from each depth, the year in which it should be done and as part of which pushback is 
shown in Fig. 6.2. Figures 6.1 and 6.2 show that pushbacks 3 to 5 do not increase the maximum 
depth but are used to expand the mine lengthwise. The same basic definition of haul-routes as in 
Chapter 5 was used. Significant differences between the projects include maximum pit dept (240 vs 
600 m), annual mining target (1800 vs 4000 blocks) and the project duration (15 vs 20 years). Due 
to the reduced annual mining target a smaller truck was used. Reducing the required truck payload 
in proportion to the reduction in mining rate suggested a payload of approximately 144 t. With this 
payload an obvious truck choice would have been the Komatsu HD1500-7 with 144 t payload, but 
it has a mechanical drive system. The characteristics of the somewhat larger diesel-electric drive 
Hitachi 3500 (Hitachi, 2018) summarised in Table 6.1, was therefore used. Average brake specific 
fuel consumption was assumed to be the same as that used in Chapters 4 and 5. 
 
Table 6.1 Characteristics used for modelling Hitachi 3500 diesel-electric 
drive truck 
Gross engine power 1491.0 kW 
Auxiliary power 93.0 kW 
Payload 168 t 
Empty vehicle mass 141 t 
BSFCave 205.7 g/kWh 
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Figure 6.1 Plan view and cross section of mine with pushbacks indicated 
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Figure 6.2 Block model for 240 m deep mine  
Note: Block model shows amounts of material (15m*15m*15m blocks) that needs to be mined, from each depth, the year in which it should be 
done and as part of which pushback. 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bench Depth 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 30 67 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 45 206 0 15 2 0 0 0 0 0 0 0 0 0 0 0 0
4 60 198 0 0 147 0 0 156 0 0 0 136 0 0 0 0 0
5 75 161 0 0 224 0 0 156 83 0 0 212 0 0 84 44 0
6 90 137 0 0 254 0 0 0 279 0 0 247 0 0 0 198 0
7 105 97 0 0 102 152 0 0 283 0 0 65 190 0 0 230 0
8 120 69 0 0 0 288 0 0 254 0 0 0 231 0 0 236 0
9 135 0 0 0 0 297 0 0 102 152 0 0 267 0 0 192 20
10 150 0 0 0 0 268 0 0 0 264 0 0 254 0 0 0 211
11 165 0 0 0 0 35 206 0 0 245 0 0 15 229 0 0 221
12 180 0 0 0 0 0 207 0 0 73 162 0 0 225 0 0 205
13 195 0 0 0 0 0 177 0 0 0 220 0 0 209 0 0 193
14 210 0 0 0 0 0 137 0 0 0 202 0 0 97 98 0 181
15 225 0 0 0 0 0 97 0 0 0 184 0 0 0 176 0 165
16 240 0 0 0 0 0 31 38 0 0 47 101 0 0 144 0 144
Ore Dump Height in Addition to Bench Depth
Years
15 15 15 15 15 30 30 30 30 45 45 45 45 60 60 60
Bench Depth 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 15 393 96 600 0 374 358 0 0 624 0 0 355 269 0 0 0
2 30 266 0 652 0 0 542 144 0 155 441 0 0 592 0 0 0
3 45 71 0 533 54 0 0 648 0 0 459 101 0 39 521 0 0
4 60 23 0 0 421 0 0 448 0 0 0 392 0 0 528 0 0
5 75 16 0 0 300 0 0 210 111 0 0 284 0 0 242 126 0
6 90 0 0 0 222 0 0 0 245 0 0 217 0 0 0 266 0
7 105 0 0 0 74 112 0 0 197 0 0 45 132 0 0 202 0
8 120 0 0 0 0 108 0 0 186 0 0 0 169 0 0 164 0
9 135 0 0 0 0 96 0 0 60 90 0 0 101 0 0 142 14
10 150 0 0 0 0 65 0 0 0 100 0 0 82 0 0 0 125
11 165 0 0 0 0 5 31 0 0 79 0 0 4 56 0 0 83
12 180 0 0 0 0 0 14 0 0 18 39 0 0 47 0 0 67
13 195 0 0 0 0 0 0 0 0 0 32 0 0 31 0 0 47
14 210 0 0 0 0 0 0 0 0 0 14 0 0 6 7 0 27
15 225 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
16 240 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Waste Dump Height in Addition to Bench Depth
Years
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6.3  Results  and Discussion 
Figures 6.3 and 6.4 compares haulage costs expected using ERSs of increasing mass to that 
expected of a standard (no ERS) fleet of trucks, for the duration of the mining project. The 
magnitude of individual haulage cost elements as well as the combined cost is reflected as 
percentages of that which would be achieved using a fleet of unassisted trucks. The combined 
relative cost is shown as a solid line and the fuel cost (the cost element that shows the greatest 
reduction) is reflected as a dashed line in each of the graphs. Figures 6.3(a) and 6.3(b) is for 
EMFW ERS technology respectively for the fuel replacement (FR) and power augmentation 
(PA) strategies and Figs. 6.4(a) and 6.4(b) is for LFP ERS technology respectively for the FR 
and PA strategies. A 3000 kg EMFW promises the greatest reduction in haul cost using either 
of the FR or PA strategies. For LFP using the FR strategy, the 3000 kg and 3500 kg systems 
are expected to provide essentially the same level of improvement but using the PA strategy a 
3500 kg ERS is expected to be the best.  
(a) 
 
(b) 
 
Figure 6.3(a-b) Haulage costs expected for EMFW based ERS using FR (left) and PA (right) 
strategies compared to cost for truck fleets without ERS 
 
(a) 
 
(b) 
 
Figure 6.4(a-b) Haulage costs expected for LFP based ERS using FR (left) and PA (right) 
strategies compared to cost for truck fleets without ERS 
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Comparing the results of especially the PA strategy in Figs. 6.3. and 6.4, it is worth noticing 
that, for systems of the same mass, the reduction in cost for several of the cost elements are as 
good as or better for LFP than for the EMFW based systems. However, the combined cost 
graphs (represented by solid lines), that include the cost of the ERS, clearly show the 
superiority of the EMFW system over that of the LFP system, in reducing net haulage cost of 
the project. Although the LFP batteries are expected to achieve technically superior results in 
the long term thereby enabling a greater reduction in truck numbers, the ongoing cost of 
renewing the batteries limits their benefit to less than that of the EMFW. If the downward trend 
in lithium-ion based energy storage continuous, the results may favour LFP in years to come11 
but for the set of assumptions used, the EMFW technology is expected to provide better results 
for both the FR and PA strategies.  
The proportional distribution of haul costs over the project for an unassisted truck fleet is 
reflected in Fig. 6.5. The haul costs expressed as a portion of the overall cost expected from 
the unassisted truck fleet is shown for a 3000 kg EMFW in Fig. 6.6 and for a 3500 kg LFP 
system in Fig. 6.7. The cost of the EMFW ERS system (ERS_NPC) and the renewal of the LFP 
battery based-ERS system (es_NPC) and the proportional savings are also shown as 
appropriate. EMFW promises a 2.5% (Fig. 6.6(a)) and 5.5% (Fig. 6.6(b)) reduction in haul cost 
and LFP promises a 0.9% (Fig. 6.7(a)) and 4.4% (Fig. 6.7(b)) reduction in haul cost for the FR 
and PA strategies respectively.  
Considering the results of the better performing (2500 to 4000 kg) systems as reflected in 
Fig. 6.8, the EMFW performs better than LFP over the entire project for both the FR and PA 
strategies. Depending on the ERS mass the LFP technology causes an increase in mining costs 
up to years 8 to 10 for the FR strategy and up to years 3 to 5 for the PA strategy.  
Neither of the ERS technologies are expected to reduce the truck numbers required in the early 
years. The cost reduction, despite truck numbers remaining essentially the same as for the 
unassisted fleet, suggests that cost reduction is primarily driven by a reduction in fuel use 
despite a marginal loss in payload capacity. Considering the reduction in fuel costs as a 
percentage of overall cost in Figs. 6.6. and 6.7 compared to Fig. 6.5. supports that fuel cost 
savings is an important element in the anticipated cost reduction.  
The first 15 years of accumulated savings reflected in Chapter 5 for a 600 m mine is included 
in Fig. 6.9 to ease comparison with the results of the 240 m deep mine in Fig. 6.8. The more 
important observations are that the mass of the ERSs expected to give the best results are 
notably less for the 240 m mine, this is primarily due to the lighter EVM of the truck used as 
can reasonably expected). For the 240 m mine cost reduction for both technologies is more 
consistent over time than for the deeper mine. For the deeper mine the ERSs’ ability to reduce 
truck numbers causes results to be more substantial in those years where the purchase of new 
trucks can be delayed. Such acquisitions cannot be delayed indefinitely as the pit depth 
increases and results in some years (years 5 to 6 for the PA strategy for instance) where there 
is some backsliding on savings made in earlier years. 
Although more expensive than LFP per kWh, EMFW is expected to have a service life that 
matches that of the truck without requiring costly maintenance during its lifetime. It is 
interesting to note that for the given assumptions, the EMFW does not result in an increase in 
mining costs at any point in the project and seems likely to accommodate shifting between the 
PA and FR strategies as may be predetermined by mining conditions providing a useful cost 
                                                 
11 Chapter 7 Considers the implication of change in cost and provides greater insight to its significance. 
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reduction using either of the strategies. The 3000 kg EMFW based ERS would be able to 
recover energy at a rate of 840 kW12 and capture 31.5 kWh (113 MJ) of energy. This is a large 
EMFW system compared to other designs for non-stationary applications. Such designs include 
3.6 kWh capacity of the NASA design (Hebner et al., 2002), 1.25 kWh (4.5 MJ) for Ricardo’s 
design intended for use in a train application (Shirres, 2014) or the 0.375 kWh (1.350 MJ) 
design used in the Porsche GT3R Hybrid (Foley, 2013). However, it is still much smaller and 
lighter than the 130 kWh design by UTA considered for the advanced locomotive propulsion 
system (ALPS) reflected in Table 3.3. column d (Caprio et al., 2004; Herbst et al., 2005). To 
better manage gyroscopic forces and risks associated with flywheels it may in practice be 
preferable to achieve the required storage capacity and power using several smaller EMFW 
units.  
Although the pit depth reaches 240 m and this depth would therefore be the greatest elevation 
change experienced when hauling ore, the greatest elevation change would be associated with 
waste haul cycles. Due to the height the waste dump would reach, elevation changes in waste 
haul cycles may be as much as 285 m (see block model information in Figs. 6.1 and 6.2). The 
EMFW system would therefore only be able to capture all recoverable energy to about 120 m 
for the truck weighing 144 t (141 t plus the mass of the ERS). In contrast the 3500 kg LFP 
based ERS should be able to recover energy at a rate of 812 kW and capture 113.5 kWh 
(409 MJ) of energy in a single descent. It should therefore be capable of capturing all energy 
becoming available at the DC-link for elevation changes as great as 420 m far exceeding the 
maximum elevation changes of this mine13.  
  
                                                 
12 Matched to the recovery rate (with added 5% margin) required for a 144 EVM truck on a 10% ramp with rolling 
resistance at 2% of truck weight and 30 km/h descent speed) 
13 For LFP the truck mass is assumed to be 144.5 t including the mass of the ERS 
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Figure 6.5 Expected haul cost distribution for trucks without ERS 
(a)
 
(b)
 
Figure 6.6(a-b) Distribution of haul costs over the project for the FR (left) and PA (right) 
strategies for a 3000 kg EMFW ERS 
(a)
 
(b)
 
Figure 6.7(a-b) Distribution of haul costs over the project for the FR (left) and PA (right) 
strategies for a 3500 kg LFP ERS 
 
2.5% 
4.4% 
0.9% 
5.5% 
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(a) 
 
(b) 
 
Figure 6.8(a-b) NPV of accumulated savings over the project for the 240 m mine for the FR strategy (left) and PA strategy (right) 
(a) 
 
(b) 
 
Figure 6.9(a-b) NPV of accumulated savings over the project for the first 15 years of 600 m mine FR strategy (left) and PA strategy (right) 
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6.4  Practical Considerations with Respect to Energy Storage Technologies  
For the mining projects considered in this chapter and in Chapter 5 different truck sizes were 
considered. It is interesting to note that for each project the LFP system expected to provide 
the greatest NPHC reduction was one that matched the ERS capture rate with the truck’s energy 
recovery rate during ramp descents. For the 257 t EVM truck it would be about 6300 kg 
(Section 5.5.1) and for the 141 t EVM truck it would be close to 3500 kg. In each case the ERS 
mass would be marginally less than about 2.5% of the truck EVM. This may seem to suggest 
that, optimal LFP sizing is predetermined by the trucks energy release rate and that, if a fixed 
rolling resistance, ramp grade and ramp descent speed is assumed, this could fix the LFP based 
system size as a function of the truck mass. Although using this sizing approach may, for an 
LFP based solution, provide the best NPHC reduction for each of the projects in the long term, 
the results in Fig. 6.8 show that it would not be the best for the first years of the mining project 
and would only rise to the top near the end of the project. Sizing would therefore need to 
consider the specifics of the trucks and the project. 
Even for the best sized LFP based ERSs, accumulated savings only become positive after 8 
years for the FR strategy and after 3 years for the PA strategy. If an LFP based system is 
preferred, it may be more beneficial to use the trucks without ERSs fitted during the early years 
of the project. 
6.5  Chapter Summary 
When considering the advantages expected in a life of mine context, EMFW is expected to 
perform better than LFP in a shallower mining application, as was considered in this chapter, 
and is expected to provide noteworthy benefit even when used with the FR strategy. This is 
believed to be a consequence of: a reduced through life cost; a lower system mass required to 
capture all energy becoming available while elevation changes are still small; and, savings 
enabled early in the project when their economic worth is greater than later in the project.  
In-spite of the elevation change of many of the haul cycles considered in this chapter exceeding 
120 m and therefore releasing more energy than a 3000 kg EMFW system would be able to 
capture, an EMFW system it is expected to provide a consistent improvement in haul costs 
with a significant reduction in fuel consumed and associated greenhouse gas emission. The 
expected improvement, whether the FR or PA strategy is used, suggests that the EMFW would 
be a more robust solution, expected to reduce haul costs even when conditions preclude the use 
of the beneficial PA strategy. If a reliable low maintenance EMFW could be developed at or 
below the assumed cost and with equal or greater specific energy and specific power 
characteristics, it is expected to outperform the LFP technology in terms of cost reduction and 
avoid the logistic challenges associated with replacing and recycling tonnes of chemical 
batteries on a regular basis.  
In a deeper mine the somewhat heavier fast charging LFP based ERS could have the advantage 
of capturing energy at the required rate and storing more of the recoverable energy available 
from greater elevation changes. Since it is their ongoing costs that spoil their economic 
performance, a less conservative starting price (that may soon become appropriate if the 
downward trend in lithium-ion battery pricing continues) would improve the LFP results.  
Considering that most surface mines are less than 400 m deep, EMFW is likely to be the 
technology that would be useable in more mining projects.   
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7 HAUL COST SENSITIVITY TO PARAMETER VARIATIONS  
7.1  Introduction 
The parameters used in this research to evaluate energy recovery to DC-link, capture to storage, 
energy re-use, and net present haul cost (NPHC) reductions expected, are based on nominal 
values. Practical values may be different to these nominal values for a number or reasons: 
• Parameters such as ramp grade or rolling resistance may differ among mines as well as 
during operation. Rolling resistance may even change from day to day or be different for 
different sections of the haul route due soil properties or rain and its impact on the haul 
road surface. 
• For another group of parameters, specifically those involving component and system 
parameters, some of the assumed values are best estimates made knowing that we have 
limited insight to what the characteristics of practical installations may be. These include 
practical efficiency of the storage system, cost of ERS per kWh or the actual system 
based specific energy or specific power of the technology used. 
• Parameters such as truck price and service life, fuel price, labour, maintenance and repair 
costs, tyre price and service life and driver cost that all have a direct impact on operating 
costs, may change or be different to values assumed for a variety of reasons. Reasons 
include market forces (supply and demand) or adverse haul road properties that reduce 
tyre life expectations. The cost of fuel may also be quite volatile and unpredictable and 
depends to some extent on site location.  
This chapter provides sensitivity studies on several parameters to show the generalisability of 
the thesis results and to identify the parameters to which the NPHC reduction effort is the most 
sensitive. Understanding the sensitivity to parameters will help to understand which parameters 
may cause failure of the system to provide the expected benefit and to identify those that justify 
or even necessitate close attention to ensure maximum benefit.  
7.2  Method and Assumptions  
This chapter considers two sensitivity studies. The first sensitivity study is based on the project 
considered in Chapter 5 and the ERS technology expected to enable the lowest NPHC for that 
project. The study therefore considers LFP-based ERS technology in the context of the 600 m 
deep mine. The second sensitivity study is based on the project reflected in Chapter 6 and the 
ERS technology expected to give the lowest NPHC for that project. The study therefore 
considers EMFW-based ERSs in the shallower 240 m deep mine.  
Some of the more important parameters used in obtaining the results of Chapters 5 and 6 are 
listed in Table 7.1. The nominal values assumed and used are indicated in Table 7.1 
Column ‘f’. The sensitivity studies involve making incremental adjustments of individual 
parameters around these nominal values, using the simulation program to determine NPHC and 
recording the results. For each of the projects considered, this process is repeated for each of 
the power augmentation (PA) and fuel replacement (FR) energy re-injection strategies defined 
in Chapter 4 and the results reflected in graphical form. 
Although included in Table 7.1 for the sake of completeness, the “DC-link to wheel” efficiency 
(Row 3) was not considered in the sensitivity studies but the “Wheel to DC-link efficiency” 
(Row 5) which plays a critical role in energy recovery was considered.   
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Table 7.1 Important parameters relating to truck and ERS performance and costs 
a b c d e f 
  No. Parameter  Impact  Nominal (or base) value 
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1 Ramp grade 
Time spent on ramp 
and recoverable energy  
10% 
2 Rolling resistance 
Fuel use, amount of 
energy recoverable, 
maximum ramp ascent 
speed 
2% of truck weight 
3 
DC-link to wheel 
efficiency 
Affects efficiency in 
use of engine power 
and re-injected energy 
85% 
E
R
S
 f
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 o
n
ly
 
4 
Re-injection strategy 
(PA vs. FR) 
Cycle times – Truck 
Fleet size 
Standard (unassisted) truck 
5 
Wheel to DC-link 
recovery efficiency 
Amount of energy 
recovered to DC-link 
85% 
6 
DC-link to store 
efficiency (charging) 
Amount of energy 
stored (charging) 
90% 
7 
Stored energy loss 
rate (standby loss) 
Amount of energy lost 
while in storage 
LFP 0%/h 
EMFW 30%/h 
8 
Store to DC-link effi-
ciency (discharging) 
Stored energy returned 
to DC-link for re-use 
90% 
9 ERS mass 
Energy recovery rate 
and capacity 
LFP 6000 kg for 600m 
EMFW 3000 kg for 240m 
10 Specific energy (SE) ERS mass required 
LFP: SE=32.46 Wh/kg 
EMFW: SE=10.49 Wh/kg 
11 Specific power (SP) ERS mass required 
LFP: SP=231.9 W/kg 
EMFW: SP=280.2 W/kg 
S
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12 Fuel price 
Fuel cost  30%+ of 
NPHC 
AU$ 1.02/l excluding 
rebate 
13 Tyre life 
Tyre costs - 6 to 8% of 
NPHC 
6000 hours 
14 Tyre price per set 
AU$ 270 000 (313t truck) 
AU$ 143 100 (168t truck) 
15 Truck unit price  30% of NPHC 
AU$ 700 000 (313 t) 
AU$ 371 000 (168 t) 
16 Driver annual salary  3 to 4% of NPHC AU$ 152 784 
17 
Labour, maintenance 
and repair (LMR)  
  20% of NPHC 
AU$ 154.40 per  
operating hour 
E
R
S
 f
le
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18 ERS cost per kWh 
LFP Acquisition & 
Renewal, EMFW 
Acquisition only 
LFP AU$ 500 
EMFW AU$ 5556  
19 ERS cycle life Renewal cost of LFP 
LFP 4500 cycles 
EMFW to match truck life 
Note: Stage 2 parameters influence truck operation, Stage 4 parameters only impact economics  
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In Chapter 5 and 6 of this research the life-of-mine haul cost analysis is done in four stages as 
described in Chapter 5 (Section 5.3.6) and shown in diagrammatic form in Appendix A 
Figs. A.3. The first stage includes definition of the life of mine using a block model. In this 
chapter the project and thus the chosen block model is assumed to be fixed for each of the 
technologies. Parameters used as input to the second stage include ramp grade, rolling 
resistance, energy re-use strategy and other parameters listed in Rows 1 to 11 of Table 7.1. 
These parameters are identified as “Stage 2 parameters” in Column ‘a’ and influence truck 
operation with implications for cycle time, fuel used, and amount of energy captured in storage. 
Cycle time strongly influences fleet sizing calculated as part of Stage 3. The parameters 
included in Rows 12 to 19 are only used in Stage 4. This group of parameters would not 
influence the operation of the haul trucks but would directly influence the calculated cost of 
mine haul operations.  
A further distinction can be made (as indicated in Table 7.1 Column ‘b’) between parameters 
that would influence operation of both the ERS assisted and standard fleets (parameters in 
Rows 1 to 3) and those that would only influence operation of the ERS assisted fleet 
(parameters in Rows 4 to 11). The significance of these distinctions amongst parameters with 
respect to the sensitivity study will become clear when considering the results. 
For context Table 7.2 recalls the share of NPHC each of the haul cost elements contribute for 
the fleet of standard trucks and how it changes using the FR and PA strategy. Some of these 
results are graphically represented in Figs. 5.5(a-b) and Figs. 6.5 and 6.6(a-b). Particularly 
noteworthy is the share of the costs taken up by fuel and truck acquisition costs, and considering 
the magnitude of change in the fuel, truck acquisition (for the PA strategy) and energy storage 
costs. Due to the prominence of these haul cost elements, it seems reasonable to expect that the 
parameters that influence these costs would have a more pronounced impact on NPHC.  
Table 7.2 Net present cost of each haul cost element expressed as a percentage of the cost of 
operations for trucks without ERS for projects, technologies and best system mass 
combinations as indicated 
Project  20 year - 600 m  15 year - 240 m 
Technology LiFePO4 EMFW 
System mass 6000 kg 3000 kg 
Haul Cost 
Element 
Standard  
(No ERS) 
FR strategy 
(Change) 
PA strategy 
(Change) 
Standard  
(No ERS) 
FR strategy 
(Change) 
PA strategy 
(Change) 
Fuel 38.1% 33.0% (-5.1) 32.9% (-5.2) 35.6% 31.5% (-4.1) 31.6% (-4.0) 
Truck 
Acquisition 
30.2% 30.7% (+0.5) 27.9% (-2.3) 30.4% 30.4% (0.0) 28.7% (-1.7) 
LMR* 21.5% 21.9% (+0.4) 20.3% (-1.2) 20.6% 21.0% (+0.4) 19.9% (-0.7) 
Tyre 6.3% 6.4% (+0.1) 6.4% (+0.1) 6.0% 6.1% (+0.1) 6.1% (+0.1) 
Driver 3.9% 3.9% (0.0) 3.6% (-0.3) 7.4% 7.4% (0.0) 7.1% (-0.3) 
Energy 
Storage# 
0.0% 2.7% (+2.7) 2.7% (+2.7) 0.0% 1.2% (+1.2) 1.1% (+1.1) 
Savings 0.0% 1.4% 6.2% 0.0% 2.5% 5.5% 
Note: *LMR  labour, maintenance and repair  
#For LFP battery-based systems energy storage cost is for renewal, for EMFW-based system 
energy storage cost is for acquisition with truck 
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7.2.1  Parameter ranges 
The ranges over which each parameter may be expected to change differ substantially amongst 
parameters. Ramp grade may vary over short distances due to physical limitations within the 
mine but in general the ramp grade is targeted as a priority in mine design and should, in 
practice, not vary significantly from the assumed nominal value of about 10%. Variation 
between 9 and 11% giving an approximate 10% variation off the nominal value could 
reasonably be expected. In contrast rolling resistance may be expected to exceed the assumed 
value of 2% of the truck weight by a substantial margin. Values as high as 30% may be 
experienced where excessive soil penetration results from extended periods of rain or 
inadequate drainage (Holman, 2006). Such conditions would be localised however and would 
not be reflective of the entire haul route.  
The efficiency of energy generation, transfer, conversion (Al Sakka, Van Mierlo, & Gualous, 
2011), storage (Nitta et al., 2015) and use in motors (Ott et al., 2013, p. 3580) may be very 
dependent on specific operating conditions. Without a deeper understanding of the final system 
design it is difficult to attempt narrowing down the required investigation range. The upper 
limit of efficiency values must naturally be less than 100%.  
To simplify graphical representation of the large number of parameters while capturing a 
significant range of variation, a range of between 50 and 150% of the nominal values was 
investigated for most of the parameters mostly using increments of 10%. Upper limits were 
reduced as required to avoid efficiency levels greater than 100%. 
7.3  Results  
7.3.1  Interpretation of results  
As mentioned in Section 7.2, some of the parameters would impact the operation of the trucks 
and was therefore found to have a more dramatic impact on results. The results of this can be 
observed in the somewhat unexpected response to changes in these parameters reflected in the 
figures included in this sub-section (Section 7.3).  
All the parameters listed in rows 1 to 11 of Table 7.1 would either affect the amount of energy 
recovered to the DC-link, captured in storage or how efficiently the captured energy can be re-
used. The values of these parameters therefore influence the effectiveness of the ERS in 
reducing fuel consumption and improving productivity and, consequently, the size of the ERS 
fitted truck fleet required to meet mining targets. Ramp grade (Row 1), rolling resistance (Row 
2), and DC-link to wheel efficiency (Row 3), would not only influence the ramp ascent speed 
or fuel efficiency of the fleet of trucks fitted with ERS but also that of the standard fleet of 
trucks. These parameters therefore influence the behaviour of both the ERS assisted trucks and 
the fleet of standard trucks against which NPHC results are compared. An implication is that 
changes resulting in relatively small increases in cycle times for both truck fleets were found 
to cause one of the fleets to cross the threshold calling for an increase in the number of trucks 
required for that fleet for certain years but not for the other fleet. The economic implications 
are significant and causes erratic or stepwise responses to be reflected in Figs. 7.1 to 7.4 for 
some changes in rolling resistance and ramp grade values.  
7.3.2  NPHC sensitivity to parameter variations for LFP-based ERS 
This section considers the results of the simulation study into the sensitivity of NPHC to 
variations in several of the parameters of the hypothetical project considered in Chapter 5 for 
LFP based ERS technology. The trucks considered have an EVM of 257 t and payload of 313 t. 
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The target mining rate is 4000 blocks14 per year, project duration is 20 years and the maximum 
pit depth is 600 m. 
The results reflected in Figs. 7.1 and 7.2 are respectively for the PA and FR strategies. On the 
vertical axis a value of 100% equates to the typical cost per tonne mined using a fleet of trucks 
without ERS considering all significant haul related expenses. On the horizontal axis a value 
of 1.0 corresponds to the chosen nominal (or base) value for each variable considered and 
shown in Table 7.1 as well as in the graph legends as appropriate to each variable.  
Energy re-injection strategy 
Although the analysis did not specifically include sensitivity testing with respect to the energy 
re-injection strategy, comparing the impact on NPHC shows that results are very ‘sensitive’ to 
the strategy used. For LFP using the PA instead of the FR strategy is expected to improve the 
relative NPHC (RNPHC) from 98.6% to 93.8%. However, the PA strategy can only be 
exploited when the mine is somewhat under-trucked justifying further consideration of both 
strategies.  
Although the trends in response to changes in parameter values reflected in Figs. 7.1 and 7.2 
for the PA and FR strategies are generally similar, a few differences are worth noting: 
• Based on simulation results the PA strategy is expected to be substantially more reliable in 
ensuring cost reductions even if parameters change considerably from the nominal values.  
• An increase in rolling resistance tends to reduce the benefit of LFP-based ERS for both 
strategies but a decrease favours the PA but not the FR strategy. 
• For the FR strategy changes in some of the parameters would more easily negate the ERS’s 
potential to reduce NPHC as indicated by several curves crossing over the 100% relative 
cost bench mark. Some of the changes negating the benefit of the ERS are: a reduction in 
storage efficiency of approximately 18% or more; a reduction in fuel price of approximately 
27% or more; a reduction in cycle life of approximately 34%; or a 10% increase in ramp 
grade (from 10% to 11%).  
 
Ramp grade 
In this research the ramp grade (vertical lift over horizontal distance) for all pit access and 
waste dump ramps was assumed to be 10%. Although ramp grade is a design parameter set by 
the mine designers or planners the target value may not always be achieved in practise due to 
physical limitations. In this analysis, ramp grade changes from the nominal value do not 
represent statistical variation of ramp grade or sections having varying grades but assumes a 
uniform change in grade applicable to all ramps over the life of the mine. 
Figure 7.1(a) shows sharp increases in the NPHC for both the PA and FR strategy for any 
increase in ramp grade compared to the NPHC calculated for standard trucks operating under 
the same conditions. Reductions in ramp grade show a significant adverse impact on the benefit 
expected for the PA strategy but not for the FR strategy. Based on Section 3.2.215 lower grades 
are expected to reduce the benefit of an ERS at least in part due to reduced recoverable energy 
as more energy is sacrificed to rolling resistance on the longer ramps. An increase in grade is 
                                                 
14 Blocks are 153 m3. 
15In Section 3.2.2 it was shown that higher ramp grades should enable recovery of a greater portion of the potential 
energy during descent with lower values being less favourable. 
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expected to increase the recoverable energy and benefit ERS use. However, the expected 
behaviour is not reflected in Figs. 7.1(a) and 7.2(a).  
The behaviour observed for an increase in ramp grade reflects the combined result of at least 
two changes taking place. The first change is a practical reduction in the amount of energy 
captured resulting from an increase in grade. A 10% increase in grade would cause an increase 
of approximately 12.5% in the energy release rate during descent. The simulation model adjusts 
the brake force to ensure that the simulated truck can be restrained on the grade but, since the 
LFP ERS energy recovery rate is fixed by its size, some of the energy cannot be captured at 
the rate at which it becomes available and would be diverted to the resistor grid and lost. The 
reduction in reusable energy causes an increase in fuel consumption and, combined with the 
increase in ramp grade, is responsible for the second change which is a variation in fleet sizing 
impacting negatively on truck, LMR and driver costs.  
The results highlight the importance of accounting for the energy recovery rate (which is 
strongly dependent on truck mass, ramp grade, rolling resistance and ramp descent speed) when 
sizing the system (some oversizing of the LFP system may be beneficial in mines where ramp 
grades readily exceed 10%). The dramatic change in RNPHC resulting from a change in ramp 
grade from 10 to 11% followed by an almost imperceptible change from 11 to 12% highlights 
the practical consequence of discrete fleet sizing where small differences in operating 
parameters result in significant differences with respect to fleet sizing.  
Although the results for a 10% increase in ramp grade is not encouraging, comparing the PA 
strategy enabled NPHC of the ERS assisted truck fleet needed for a 11% ramp grade, to that of 
a standard fleet sized for a 10% ramp grade provides a very interesting result. The RNPHC 
reflected is 91.4%. This means that a further 2.4%-point reduction may be obtained combining 
ERSs with a change in ramp grade. If the ERS size was increased to improve capture rate the 
results may have been even better.  
Rolling resistance  
Rolling resistance is primarily influenced by the tyre properties and the condition and 
properties of the haul road surface (Caterpillar, 2015; Holman, 2006). The lack or abundance 
of rain may cause significant changes in the rolling resistance experienced. Evaluating the 
impact of a parameter such as rolling resistance fluctuating over the course of the mining 
projects would have given useful insight to the extent to which occasional increases in these 
values could influence outcomes. However, the design of the simulation program does not 
allow for the incorporation of these fluctuations without significant modification. The 
sensitivity analysis therefore only considers the impact of assuming fixed rolling resistance 
values at the outset and maintaining those values throughout each project. 
An increase in rolling resistance would impact NPHC of an ERS equipped truck in at least 
three ways. Firstly, it would increase the fuel consumption by increasing the engine load over 
most of the haul cycle, secondly, it would reduce the amount of recoverable energy by 
dissipating more of the potential energy even before it enters the truck’s drive system during a 
descent and, thirdly, it would reduce the maximum ramp ascent speed attainable with available 
drive power. The sensitivity of NPHC to changes in rolling resistance reflected in Figs. 7.1 and 
7.2 is therefore not only ascribable to its impact on the recoverable energy but the trucks’ 
operation in general whether fitted with ERSs or not.   
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(a) 
 
(b) 
 
Figure 7.1(a-b) Changes in project NPHC expected for LFP based ERS using PA 
strategy, due to changes in parameters: (a) impacting truck operation; and (b) 
influencing costing 
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(a) 
 
(b) 
 
Figure 7.2(a-b) Changes in project NPHC expected for LFP based ERS using FR 
strategy, due to changes in parameters: (a) impacting truck operation; and (b) 
influencing costing 
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From (3.5), (3.6) and (3.9) in Chapter 3, rolling resistance values of 1%16, 2% and 3% of the 
truck weight would cause the amount of recoverable energy to vary from about 76.5% to 68% 
and 59.5% of the theoretical potential energy (also see Fig. 3.4). A rolling resistance of 1% (0.5 
times the nominal value) of truck weight was therefore expected to improve the level of benefit 
of an ERS. However, considering Figs. 7.1(a) and 7.2(a) it would favour the PA strategy but 
not the FR strategy. Although there appears to be noticeable trends with respect to changes in 
rolling resistance these should probably be viewed with a measure of caution and not be 
considered as generally applicable. As for changes in ramp grade, changes in rolling resistance 
has significant implications for the standard fleet of trucks potentially causing the fleet used as 
the basis for comparison to be changed, when rolling resistance changes. Although not reflected 
on the graphs (due to the limited range reflected) the data show that, for the PA strategy, rolling 
resistance little more than 6% is expected to negate the ERS’s ability to reduce haul cost. For 
the FR strategy this threshold is a little more than 3%. 
Recovery efficiency variation 
For this research the wheel to DC-link recovery efficiency is assumed to be the same as the 
truck drive system DC-link to wheel conversion efficiency of 85% as discussed in Section 3.2. 
However, this equivalence may not be the true due to the design focus on ensuring high DC-
link to wheel efficiency. To capture the potential uncertainty, the impact of varying the wheel 
to DC-link recovery efficiency in a range 0.7 to 1.1 times the DC-link to wheel efficiency is 
considered. DC-link to wheel efficiency is not changed in this study 
Figures 7.1(a) and 7.2(a) show that variation of the recovery efficiency is not as far reaching 
as variation of storage and return efficiencies by similar proportions, partly because the 
recovery efficiency only considers energy flow in one direction (DC-link-to-wheel conversion 
efficiency of 85% is not changed in this sensitivity analysis). The notable improvement in cost 
reduction when recovery efficiency is increased above the assumed base value suggests the 
positive impact that improvements in drive train efficiency could have. This could potentially 
be amplified further by improvements in storage and return efficiencies. Increases in these 
efficiencies would necessitate reconsidering the ERS size for optimal performance. 
Energy storage and return efficiency  
Storage efficiency is used here to refer to the efficiency in getting energy recovered to the 
trucks DC-link from the DC-link into storage. It does not include energy lost while in storage. 
For LFP it would probably include DC-to-DC conversion between the DC-link and batteries. 
The operation of devices such as DC-to-DC converters off their design point can (depending 
on the technology used) have a dramatic effect on the efficiency of conversion as reflected by 
Al Sakka et al. (2011). Additional losses occur inside the cells resulting from electrical to 
chemical energy conversion. The return efficiency refers to the efficiency in getting the energy 
stored in the batteries back to the DC-link. Due to the slower truck ascent speed the return from 
storage (or discharging) will typically be at a much lower rate ( 40%) than when charging 
during the descent. Higher rates are normally associated with greater inefficiencies (Nitta et 
al., 2015) but in this thesis a constant efficiency is assumed. In Figs. 7.1 and 7.2, variation of 
storage and return efficiencies shows the greatest impact on the ERSs’ ability to reduce NPHC 
when considering the same proportional variation as those of other parameters. Due 
consideration to relevant charge and discharge profiles and minimising the corresponding 
                                                 
16 In practice rolling resistance is unlikely to be better than 1-1.5% of truck weight and then only with the best of 
haul road design and maintenance (Holman, 2006). 
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inefficiencies of each system element is expected to be critical to maximising the benefit of 
energy recovery and re-use.  
Stored energy loss rate (standby loss rate) 
For most chemical batteries the energy lost in storage is very low and considering the time scales in 
which haul cycles are completed considered negligible. It is therefore not considered in the LFP 
sensitivity assessment. 
Sizing of ERS 
From Chapter 5 it was evident that, using LFP based ERSs on the 257 t EVM trucks, a system 
somewhat heavier than 6000 kg may have succeeded in capturing more of the recoverable 
potential energy providing greater fuel savings and possibly enabling a greater NPHC 
reduction. Figure 7.1(a) shows that increasing the ERS size by 5% to 6300 kg reflects a 
marginal improvement in NPHC reduction. Figures 7.1(a) and 7.2(a) also show that NPHC 
reductions can be expected to change by only a small amount (less than 0.2%-points) for 
increases in the ERS size of up to 20% for both PA and the FR strategy. Reduction in system 
size of about 5% to 10% shows little change in NPHC reductions for the FR strategy but a mere 
10% reduction in system size starts a rapid decline in the benefit of the ERS for the PA strategy.  
Specific energy (SE) and specific power (SP) 
The LFP based ERS SE and SP values (refer Table 5.1 and Rows 10 and 11 of Table 7.1) 
results in a 194.8 kWh energy storage capacity and 1391 kW power rating for the 6000 kg 
system. Maintaining the same power and energy storage capacity despite changes in SE and 
SP means that the system mass must be changed. Reducing SE and SP by 50% would require 
doubling the system mass to 12 000 kg. Figure 7.1(a) shows that using such a heavy system 
would increase the RNPHC by about 1.6%-points to 95.4% for the PA strategy. Figure 7.2(a) 
shows that it would essentially negate the cost reduction capability of the ERS for the FR 
strategy. Gradual and moderate changes in NPHC are shown for SE & SP changes in the range 
including 0.7 to 1.5 for the PA strategy and 0.8 to 1.5 for FR strategy. Increases in the number 
of trucks required result in noticeable changes for 0.5 and 0.6 for the PA strategy and 0.5 to 0.7 
for the FR strategy. The graphs produced for changes in SE and SP can also be used to evaluate 
the potential of removing or reducing the mass required for other systems. In the footnote on 
p. 30, the option of resistor grid removal is mentioned. A decision to remove the resistor grid 
(following a rigorous design process duly considering the safety implications) could have the 
same effect as reducing a 6000 kg ERS by about 1700 kg without affecting its performance. 
This would be similar to having an SE and SP 1.4 times higher than that stated in Table 5.1. 
For both strategies such a reduction in mass could improve RNPHC by about 0.3%-points. This 
improvement is not as significant as the changes expected for parameters such as cycle life or 
fuel price, for proportionately similar changes from the base values. 
Fuel price variation 
Varying the price per litre of fuel between 0.5 and 1.5 is equivalent to having a fuel price range 
between AU$ 0.62 and AU$1.53 nett of rebate. For both the PA and FR strategies (see Figs. 
7.1(b) and 7.2(b)) it is one of the more important parameters in cost reduction but more so for 
the FR strategy. A 50% higher fuel price is expected to improve the ERS’s ability to reduce 
NPHC by at least one percentage point (from 93.8% to 92.7%) for the PA and almost two 
percentage points (from 98.8% to 96.9%) for the FR strategy.  
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Truck price, LMR cost, tyre life and driver cost 
Figures 7.1(b) and 7.2(b) show low sensitivity to changes in truck purchase price, labour, 
maintenance and repair cost, tyre life or price and driver costs even for 50% variation above 
and below the nominal values. However, even though individually not very influential, the 
combined effect of two or more of these factors varying may become significant.  
ERS cost and cycle life 
For LFP the NPHC reduction shows a strong dependence on the cost of the energy storage per 
kWh as well as the cycle life of the batteries. The relative impact for each of these parameters 
is comparable for the FR and PA strategies. Particularly noteworthy is that for both strategies, 
the reduction in NPHC can be improved substantially by a reduction in ERS cost. If a reduction 
in ERS cost could be combined with an increase in cycle life in an environment where fuel 
costs are high the overall reduction in NPHC compared to that of a fleet of standard trucks 
could potentially amount to a few percentage points.  
In this research the cost of LFP technology was assumed to be USD360 or AUD500 at the 
battery pack level, based on pricing estimates from 2015 literature. According to Holland 
(2018) (reporting on the 2018 Tesla shareholder meeting held on 5 June 2018) Elon Musk 
stated that Tesla was expecting to reduce the cost of cells produced by the Gigafactory to below 
US$100/kWh later in 2018, with cell pack costs reducing below that level within the following 
two years. An annual average 15% reduction in battery cost is suggested in the article. Although 
also using Lithium-ion technology, Tesla’s NCA batteries are not the same as LFP batteries so 
the prices do not directly translate to LFP. However, if LFP pricing followed a similar trend in 
recent years, the cost may already be close to 50% of the values used for this research whilst 
continuing to reduce at a rate faster than the conservative 8% used in the analysis. Assuming 
little change in other costs, such a reduction would imply the achievable NPHC may soon be 
substantially less than the 92.5% reflected in Fig. 7.1(b) for a 50% drop in ERS cost per kWh. 
This is a 1.3%-point improvement in addition to the 6.2% anticipated at the higher battery 
costs. 
7.3.3  NPHC sensitivity to parameter  variations for EMFW-based ERS  
This section considers the results of the simulation study into the sensitivity of NPHC reduction 
to variations in several of the parameters of the hypothetical project considered in Chapter 6 
assuming the use of EMFW based ERS technology. The trucks considered have an EVM of 
141 t and payload of 168 t. The target mining rate is 1800 blocks per year, the project duration 
is approximately 15 years and the maximum pit depth reached is 240 m. The results of the 
sensitivity study are reflected in Figs. 7.3 and 7.4 respectively for the PA and FR strategies. 
Judging from Chapter 6 Fig. 6.1(b), a 3000 and 3500 kg EMFW based ERS achieves near 
identical economic results for the PA strategy but Fig. 6.1(a) and the underlying data show that, 
for the FR strategy, the 3000 kg system is marginally better than lighter and heavier systems. 
Although heavier systems would enable a greater level of fuel consumption reduction and 
hence reduced CO2 equivalent emissions for both strategies, the 3000 kg EMFW system is 
expected to provide better results if alternating between energy use strategies. The 3000 kg 
EMFW system is used as basis in this sensitivity study. 
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(a) 
 
(b) 
 
Figure 7.3(a-b) Changes in project NPHC expected for EMFW based ERS using 
the PA strategy, due to changes in parameters (a) impacting truck operation, and 
(b) influencing costing 
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(a) 
 
(b) 
 
Figure 7.4(a-b) Changes in project NPHC expected for EMFW based ERS using 
the FR strategy, due to changes in parameters (a) impacting truck operation, and 
(b) influencing costing 
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Energy re-injection strategy 
For EMFW, using the PA strategy is expected to reduce the NPHC to 94.5% compared to the 
NPHC of the standard fleet. In this project the FR strategy is expected to be more successful in 
reducing NPHC and EMFW technology is expected to achieve 97.5% compared to 98.6% in 
the deep mine using LFP. 
Although the trends in response to changing parameters reflected in Figs. 7.3 and 7.4 for the 
PA and FR strategies are generally similar a few differences are worth noting.  
• For EMFWs the PA strategy is also expected to be more capable of ensuring cost 
reductions even if parameters change substantially from the nominal values than the FR 
strategy.  
• Within the range considered the only parameter expected to negate the use of the ERS 
when using the FR strategy is the store efficiency. Reducing the store efficiency by 
about 36% (from 90% to 57.6%) results in a store round-trip efficiency of only 33.2% 
and causes RNPHC to become greater than 100%. 
• A reduction in system size shows relatively little influence for FR results but a strong 
negative impact for the PA strategy. 
Ramp grade 
The response to ramp grade values of 9% and 11% is particularly severe for the PA strategy 
while it shows little influence for the FR strategy. Beyond these values the responses are highly 
unpredictable. The underlying data reveals that good results are typically associated with a 
reduced number of trucks for several years of the project. The best results are shown where 
savings on trucks are made in the earlier years of the project and unfavourable results are 
associated with no truck saving or ERS only reducing one or two trucks late in the project. 
Rolling resistance  
Rolling resistance values a little less than the nominal value of 2% of truck weight reduce the 
relative benefit of the ERS for the FR strategy but improves it for the PA strategy. Although 
the underlying data confirm the recovery of a greater amount of energy, the reduced overall 
benefit when compared to a fleet of standard trucks is a consequence of the reduced rolling 
resistance allowing the standard trucks to experience lower resistance on the ramp ascent, 
thereby enabling greater ascent speeds and reduced cycle times. This results in a marginal 
reduction in the number of trucks required for certain years. While cycle times for the truck 
fleet using ERS would also reduce, the ERS impact on payload would keep it short of crossing 
the threshold to reduce the number of trucks. Despite a greater amount of energy being 
recovered and re-used the net effect of ERS compared to the standard fleet is not as good in the 
scenario considered. The favourable responses to a 10% increase in ramp grade or reduction in 
rolling resistance when using the PA strategy highlights the maximum benefit that may be 
achieved using EMFW ERS in this project. 
Recovery efficiency variation 
For EMFW recovery efficiency also plays a very important role in the effectiveness of the ERS 
in reducing NPHC. Variation of storage and return efficiency shows a significant impact on 
the ERS's ability to reduce NPHC in Figs. 7.3 and 7.4. As for LFP due consideration to relevant 
charge and discharge profiles and minimising the corresponding inefficiencies of each system 
element is expected to be critical to maximising the benefit of ERS. 
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Energy storage and return efficiency and loss rate variation 
For EMFW variation of storage and return efficiency is also expected to have the greatest 
relative impact on the ERSs’ ability to reduce NPHCs and would have to be a focus area in 
design and operation. Changes in the stored energy loss rate (or standby loss rate) has very 
little effect for either of the strategies. 
Stored energy loss rate 
As indicated in Table 7.1 Row 7 the standby loss rate for EMFW is assumed to be 30% per 
hour. Neither reducing it to 15% nor increasing it to 45% reflected a significant change in 
NPHC and it is therefore not reflected in Figs. 7.3 or 7.4. 
Sizing of ERS 
When considering different sizes of EMFW based ERS it must be kept in mind that the 
interdependence between EMFW ERS mass and ERS capacity is, in this research, based on 
Section 3.2.2 equation (16). The simulation program therefore firstly determines the required 
system power and then calculates storage capacity for the system mass considered. This is in 
contrast with the LFP based systems where the recovery power and storage capacities are 
essentially linear functions of the system mass. Reducing the size (mass) of the EMFW ERS 
therefore primarily reduces storage capacity which is already relatively limited compared to an 
LFP system of similar mass. Reducing storage capacity will therefore reduce the maximum 
elevation change for which the system would be able to capture all recoverable energy before 
running out of storage capacity. The cost of the ERS is based on the energy storage capacity 
implying that lighter systems with less storage would be cheaper also impacting NPHC.  
For the PA strategy under-sizing even by a small amount is shown to be quite detrimental to 
NPHC reduction while oversizing shows little effect. Considering this in the context of 
Fig. 6.3(b), the trend reflected is partly due to increases in system mass generally improving 
NPHC elements up to an EMFW system mass of about 3000 kg beyond which improvements 
start to ‘plateau’ to a greater or lesser extent. For the FR strategy both over- and under-sizing 
has little effect suggesting that results of the PA strategy should guide sizing of the ERS. 
Specific energy and specific power  
For the 3000 kg EMFW based ERS, SE is 10.49 Wh/kg and SP is 280.2 W/kg giving a 
31.46 kWh energy storage capacity and 840.5 kW power rating. For the PA strategy the change 
in NPHC is small for changes of 10% above and down to 20% below the nominal values. 
However, beyond these values the PA strategy shows distinct changes which can be traced 
back to changes in the required truck numbers. Within the range considered the increase in 
mass does not show abrupt changes for the FR strategy and the underlying data also shows no 
increases in truck numbers compared to the standard fleet. 
Fuel price variation 
Fuel price is one of the more important parameters for both strategies when using EMFW but 
more so for the FR strategy. A 20% increase in fuel price at the start of the project is expected 
to improve the NPHC to just more than 94% for PA and approximately 96.1% for the FR 
strategy. 
Truck price, LMR cost, tyre life and driver cost 
Figures 7.3(b) and 7.4(b) show that changes in truck purchase price, labour, maintenance and 
repair cost, tyre life or price and driver costs even for 50% variation above and below the 
nominal values have relatively little impact on the overall cost benefit of the ERS.  
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ERS cost per kWh 
For EMFW the ERS cost has a greater influence than the cost elements mentioned in the 
previous paragraph, but it is still relatively unimportant causing the expected NPHC reduction 
to vary in a small range of ±0.6% for changes in ERS cost ranging from 50% to 150% off the 
assumed price of AU$5556.  
7.4  Discussion 
For both technologies the results highlighted a distinction between: parameters that influence 
truck operation for truck fleets fitted with ERS, and the standard truck fleets with which they 
are compared; parameters that only influence operation of the ERS equipped truck fleets; and, 
parameters that has a primarily economic impact.  
The group of parameters that would affect the operation of both truck fleets fitted with ERS 
and standard truck fleets includes rolling resistance and ramp grade. Certain changes in rolling 
resistance and ramp grade may cause similar changes in the sizes of both fleets with little 
discernible difference in results. However, it may also be that the size of one of the fleets is 
changed and not the other or both could be changed but not to the same extent. The difference 
in required truck numbers when expressed as decimal values may be very small but due to the 
discrete nature of fleets and the rounding off, of the required truck numbers, one fleet may have 
one more truck than the other for one or more years of the project with significant cost 
implications. A simple comparison of the overall results does not provide sufficient insight to 
the system wide changes that may result from a small change in one of these parameters. 
Although the results of changes in ramp grade and rolling resistance was shown to be erratic 
and unpredictable, both parameters play an important role in the brake system’s energy release 
rate and amount of energy that can be recovered. These parameters should therefore be 
appropriately selected and represented in any analysis of ERSs’ potential and would need to be 
kept close to the design values in practice. If it is not possible to keep these values close to 
design values, much of the benefit of the ERS may easily be lost especially for the FR strategy.  
The group of parameters that would only influence operation of the truck fleets fitted with ERS 
include recovery efficiency of the trucks’ dynamic brake systems, energy storage system 
efficiencies17, storage system size and the (relatively inconsequential) stored energy loss rate. 
Improvements in these parameters would tend to increase the effectiveness and reduce the 
impact on payload for trucks using ERS. Improvements in these parameters could potentially 
reduce the required fleet size in certain years if the PA strategy is used or, at least increase the 
amount of energy recovered and beneficially re-used to reduce fuel consumption if the FR 
strategy is used. Changes in these parameters show a noteworthy influence on the results and 
the response to a certain change is generally predictable. 
The sensitivity of results to changes in this group of parameters (except stored energy loss rate) 
highlights that, if the assumption of constant efficiencies was incorrect or too optimistic, the 
results could in practice be substantially less favourable than anticipated. Understanding the 
practical efficiencies as a function of energy flow rate as it changes within a haul cycle would 
be important in gaining a more accurate expectation of the benefit that may be gained through 
ERSs. The sensitivity also highlights the need to pay close attention to system efficiency in the 
                                                 
17 Both the efficiency while capturing to storage and when releasing energy from storage 
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design and selection of components such as DC-to-DC converters or the DC-to-AC converters 
that would respectively, form part of the LFP and EMFW ERSs.  
The group of parameters that has a primarily economic impact include the price of haul trucks, 
the fuel price, labour, maintenance and repair expenses, tyre price (or life), driver salaries and, 
for the trucks fitted with ERS, also cycle life and cost of the ERS. While most of these direct 
costs do not show a strong influence on the cost reduction benefit associated with energy 
recovery and re-use, the price of fuel and - for LFP - the cycle life and cost of energy recovery 
systems, tend to have a noteworthy influence on the anticipated cost reduction. For EMFW the 
reduction in NPHC is notably less sensitive to ERS cost per kWh than for LFP. 
The sensitivity to fuel price reflected in Figs. 7.1(b), 7.2(b), 7.3(b) and 7.4(b) underlines the 
importance of fuel savings as part of haul cost reduction. The figures show that, if fuel costs 
should reduce substantially, the potential advantage of ERS would be heavily eroded. If, for 
instance, the use of liquefied natural gas should result in a 50% reduction in fuel costs, the 
advantage gained through the FR strategy would essentially be negated for both projects. 
However, a 50% increase should result in further reducing NPHC by between 0.9 and 1.8%-
points compared to the NPHC for the standard fleet depending on the project, technology and 
energy re-injection strategy considered. 
7.5  Chapter Summary and Conclusions  
In this chapter the impact on NPHC of variations in several parameters was investigated and 
the anticipated ability of the different energy re-injection strategies to ensure a reduction in 
NPHCs, despite variations in the parameters, was compared.  
Considering each of Figs. 7.1, 7.2, 7.3, and 7.4 but excluding the volatile results reflected for 
ramp grade and rolling resistance from consideration, changes in the storage system efficiency 
stands out as having the greatest impact on NPHC. While not as influential as the storage 
system efficiency, recovery efficiency is also one of the more influential parameters. The 
results emphasise the importance of technology selection and system sizing with due 
consideration of the impact of operating conditions on system efficiency in general and storage 
system efficiency in particular. It is ultimately only the energy that can be recovered, efficiently 
stored, and re-used that could contribute to the cost reduction effort. 
While most of the results reflected in this chapter showed clear trends that eased interpretation 
and making reasonable deductions about the impact on NPHC of changes in those variables, 
the results for variations in ramp grade and rolling resistance were found to be quite erratic. 
This behaviour is a consequence of the discrete nature of truck fleets and highlighted the 
importance of understanding whether and to what extent a parameter influences the operation 
or economics of the haul system. Such understanding will assist in drawing reasonable 
conclusions with respect to results observed, to appreciate the potential influence of the discrete 
nature of truck fleets and the need for consideration of the data underlying the results. The 
volatility of results also seems to suggest that there would be noteworthy benefit in using a 
truck fleet optimisation approach that incorporates variation of ramp grades, truck sizing and 
the selection and sizing of energy storage in an iterative manner.  
The important role of fuel price reflected for both the project-technology combinations and 
energy re-injection strategies emphasises the need for it to be appropriately considered when 
investigating the potential of ERSs over the life of mining projects. Admittedly this may not 
be easily done in practice due to the occasional volatility of and difficulty in predicting fuel 
prices so far into the future.  
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Despite the sensitivity reflected it is re-assuring to note that NPHC improvements are not easily 
negated by variation of parameters off the assumed nominal values. In addition to promising 
the greatest NPHC reduction, the PA strategy is also the more robust strategy in ensuring 
significant NPHC reductions when parameters are varied from the assumed values. 
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8 CONCLUSIONS AND RECOMMENDATIONS  
8.1  Thesis Contribution  
The research reflected in this thesis aimed to answer several underlying questions, the 
overriding question being: “What practical combination of hybrid drive topology, and energy 
storage technology, capacity and use on board mine haul trucks, will maximise the economic 
benefit of energy recovery and re-use, considering variation in haul route characteristics 
and the time value of money through the life of a surface mining project?”.  
To find an answer to the overarching research question four objectives were identified and 
systematically addressed.  
In this thesis the first objective, namely to “Determine whether an ERS can be integrated on 
board a diesel-electric mine haul truck and whether state-of-the-art energy storage (ES) 
technologies could be used to realise a fuel consumption reduction in a surface mining 
environment” was satisfied as follows: 
The first part of Objective 1 was satisfied by: 
• considering the drive system arrangements of mine haul trucks in general and diesel-
electric mine haul trucks (DEMHTs) in particular, 
• reviewing the approaches used to design and optimise hybrid drive systems reflected 
in literature and considering their relevance to this research,  
• reflecting on energy recovery for mine haul trucks and approaches considered in the 
literature, and ultimately 
• confirming that the diesel-electric mine haul truck drive system arrangement is in 
principle the same as a series hybrid system lacking an energy storage device (ESD).  
The second part of Objective 1 was satisfied by:  
• determining that high rolling resistance, low ramp grades and drive system 
inefficiencies would reduce the amount of energy that could be recovered to a truck’s 
DC-link when using the dynamic brake system to restrain the truck during ramp 
descents or when decelerating,  
• identifying that, under typical operating conditions, approximately 68% of available 
energy is expected to be recoverable to DC-link,  
• an in-depth investigation of potential mobile energy storage technologies to be 
considered for this application and recognising their respective characteristics, 
• realising that published ESD cell mass data do not provide an appropriate indication 
of system mass and impact on truck payload, 
• proposing an approximation of the expected energy recovery system mass based on 
published ESD cell mass data for ultra-capacitor, lithium-ion capacitor and chemical 
battery technologies, 
• identifying an approximate relationship between specific energy and specific power 
for electro-mechanical flywheel (EMFW) based energy recovery systems (ERSs) 
enabling estimation of energy storage capacity as a function of system mass and power,  
• showing that modern ES technologies should be able to capture a high percentage of 
the energy recovered to the DC-link but the impact on truck payload may be 
significant,  
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• incorporating ERS mass in fuel consumption calculations and determining that the use 
of recovered energy can be expected to reduce fuel consumption per tonne mined in-
spite of the imposed payload reduction, and by 
• showing that for a truck of given size, the ERS’s effectiveness in reducing fuel 
consumption will depend on the characteristics of the ERS technology used, the system 
mass and the truck’s change in elevation per haul cycle. 
The thesis addresses the second objective to “Determine whether the use of an ERS has the 
potential to reduce overall haul cost per tonne mined at individual bench depths” and “Evaluate 
potential of modular design of ERS to improve haul cost reduction or improve application 
range” in two parts: 
The first part of Objective 2 was satisfied by: 
• identifying and quantifying the various cost elements of mine haul operations and 
incorporating it in the purpose-developed simulation program,  
• recognising that partial charging of lithium iron phosphate (LFP) batteries can be done 
at much higher rates than rates typically specified by OEMs, enabling dramatic 
reduction in the ERS mass required to satisfy the energy capture rate,  
• defining two energy re-injection strategies, a fuel replacement (FR) and power 
augmentation (PA) strategy, 
• using the simulation program to assess and compare the economic impact of using the 
two strategies with a selection of ERS technologies for a range of elevation changes 
between 15 and 600 m,  
• using contour plots effectively to compare technologies; to highlight the strengths of 
each of the technologies; and to show the pit depths (or elevation changes) each 
technology would be better suited to as it varies with system mass, and by 
• showing that an appropriate ERS and energy re-injection strategy should be able to 
reduce mine haul costs at discrete depths of mining applications and that LFP and 
EMFW technologies were the more likely to provide economically viable energy 
recovery solutions. 
The second part of Objective 2 was satisfied: 
• Realising that chemical battery-based systems tend to require large systems to satisfy 
the energy capture rate requirement. Such large systems would have sufficient storage 
capacity for all but the deepest mines obviating advantages of modular expansion. 
• By showing that since EMFW is expected to provide a greater level of benefit over a 
greater range of depths using a system of lower mass the use of modularity of a lithium 
ion capacitor based ERS is not expected to provide any performance benefit over an 
appropriately sized EMFW based ERS.  
The third objective to “Identify the ERS technology, size and use strategy that would minimise 
the net present cost (NPC) of haul operations for one or more predefined mining projects.” was 
satisfied by: 
• generating block models to define the life of mine input for two mining projects,  
• quantifying the expected net present haul cost (NPHC) reduction using ERSs of fixed 
sizes for each for each of the two energy re-use strategies, for both LFP and EMFW 
based ERSs for each of the projects, 
• identifying that the PA strategy has the highest potential to reduce NPHC for both 
projects, 
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• identifying that, if using trucks of 257 t empty vehicle mass (EVM), an LFP based ERS 
of about 6300 kg is expected to give the greatest NPHC reduction for the deep mining 
project, 
• identifying that, if using trucks of 141 t empty vehicle mass, an EMFW based ERS of 
about 3000 kg is expected to provide the greatest NPHC reduction for the shallower 
mining project,  
• showing that EMFW can be expected to provide worthwhile advantage even when 
using the FR strategy as may be forced by mining conditions (such as when over-
trucked), 
• showing that the use of an inappropriate technology could increase haul costs in certain 
mining scenarios even if it is technically capable of capturing energy at the release rate 
and should enable maximum re-use of the recoverable energy. 
The fourth objective to “Assess the robustness of envisaged solution(s)” was satisfied by: 
• evaluating the change in haulage cost in response to changes in a range of parameters, 
• observing that the energy re-injection strategy determines to a large extent the level of 
benefit that may be achieved and that the PA strategy’s greater margin of haul cost 
reduction allows greater variation of the various parameters before rendering the ERS 
ineffective in reducing haul costs,  
• highlighting that different values of ramp grade and rolling resistance combined with 
the discrete nature of truck fleets can make it difficult to predict how an increase or 
decrease in these parameters would affect the comparative advantage of ERSs, 
• showing that the ERSs’ potential to reduce NPHC of a project is expected to be quite 
sensitive to energy recovery efficiency and storage efficiency, and by 
• showing that the influence of economic parameters such as the price of haul trucks, 
labour, maintenance and repair expenses, tyre price (or life), driver salaries and labour, 
would be relatively less important but a comparable increase in the price of fuel or, for 
LFP, a reduction in the cost of ERS or increase in cycle life, would significantly 
increase the NPHC reduction possible. 
In this research LFP’s expected ability to reduce CO2 and equivalent emissions was also shown 
to outweigh the CO2 burden of producing LFP batteries by a significant factor. 
By satisfying the four objectives the overarching research question was answered by: 
identifying of the series hybrid topology as the preferred topology; identifying the two more 
promising technologies; identifying the optimal system masses respectively for two different 
types of mining projects; and the energy re-use strategy expected to maximise the benefits of 
using energy recovery. 
8.2  Future Research 
8.2.1  Increasing quality of input parameters  
In this research best estimates and approximations were used for many of the parameters used 
in the simulation program. Some of these parameters include costs and storage system 
characteristics. A next step in this research should include refining the definition of on-board 
ERSs by progressing preliminary designs of such systems providing greater insight to likely 
system characteristics and potential truck-ERS interaction. Simulation model characteristics 
could also be refined using truck OEM and ERS OEM sourced data. Progressing the design of 
an EMFW based ERS could also provide a better understanding of the magnitude of gyroscopic 
forces, the related structural design requirements and mass implications. 
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8.2.2  Refining simulation models  with respect to efficiencies  
Fixed values were used for the recovery 
efficiency of the truck drive system as 
well as the energy storage systems. For 
most energy storage technologies 
including chemical batteries losses 
increase with an increase in the charge 
or discharge rate. Figure 8.1 shows the 
battery efficiency map for charging and 
discharge of a Li-Polymer battery as a 
function of state of charge and current. 
The high efficiency associated with 
high charge rates for SOC>90% 
appears somewhat suspicious since 
higher rates are normally associated 
with greater inefficiencies (Nitta et al., 
2015), however, the graph provides 
insight to the extent that efficiency 
deteriorates with increased discharge 
and charging rates. The relative 
complexity of the efficiency curves suggests that, to accurately model the battery behaviour (or 
that of any other ESD), when there is regular variation in charge and discharge rates due to the 
application requirements, could be quite challenging. 
Ott et al. (2013, p. 3580) shows that the motor efficiency amongst other things can be very 
dependent on the instantaneous operating point. The motor-generator in an EMFW system and 
the wheel motors of the mine haul truck can reasonably be expected to present similar 
behaviour suggesting that a fixed efficiency value may not be a suitably accurate representation 
of the energy conversion efficiency. Mapping various component and system efficiencies to 
energy transfer rates may provide useful improvement in the accuracy of the simulation 
program. In view of this, assuming a fixed storage and return efficiency when considering the 
expected effectiveness of the NPHC reduction effort is perhaps not a suitably accurate 
approach. When further research of such systems is considered it would be prudent to evaluate 
the efficiency of energy storage considering all elements in the circuit over the range of realistic 
operating conditions such as using suitably informed ‘hardware in the loop’ analysis. 
8.2.3  Impact of operating parameter variations within haul cycle 
In this research the haul-routes were modelled as being smooth and the trucks as travelling at 
constant regulated speeds except when braking or accelerating. In practice the haul routes may 
be uneven and there could be significant variation in the speed of trucks and the instantaneous 
rate at which energy is returned to or drawn from storage. It was also assumed that parameter 
values such as ramp grade, rolling resistance, recovery efficiency, mass of the truck and descent 
speed are generally fixed for all haul cycles over the life of the project. Variation of any of 
these parameters amongst haul cycles or within a haul cycle even by a small amount will have 
an impact on the rate and the amount of energy becoming available for storage. If the ERS’s 
recovery rate is not high enough to accommodate a momentary over-speed or to capture the 
additional energy that may become available due to an increase in EVM caused by ‘carry 
Figure 8.1 Battery efficiency map for Li-Po 
battery (KOKAM SLPB-60460330 battery from 
Sezer et al. (2011). SOC  State of Charge) 
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back’18 some of the excess energy will have to be diverted to the resistor grid and lost. A more 
severe case of the recovery rate exceeding the designed storage rate may occur when there are 
sections of travel where the truck travels down-ramp in a loaded state. The frequency of 
occurrence will determine whether and to what extent it would be beneficial to provide for the 
capture of energy becoming available during such overloads.  
One approach to capturing the additional energy may be by increasing the power rating for an 
EMFW based ERS. However, increasing the power will require sacrificing storage capacity if 
the same ERS mass is to be maintained or will require some additional mass. For both EMFW 
and LFP a trade-off will be required between the burden of additional mass and the benefit of 
recovering of such energy. Momentary overloads may also effectively be dealt with using 
power smoothing components such as appropriately sized ultra-capacitors or inductor coils. 
The necessity or impact (including mass) of systems able to better deal with the peak power 
levels that may be experienced in practice was not considered in this research and should form 
part of future research to more closely identify optimal solutions. 
8.2.4  Extent of use of power augmentation vs. fuel replacement strategy  
When mining takes place at deeper levels or increased elevation changes a substantial increase 
in cycle time is brought about by the increase in time on the ramp associated with both 
ascending and descending but more so the rather slow ascent speed. As a result, the number of 
trucks has to increase to maintain an appropriate match between the capacity of the shovel and 
trucks available to be loaded. Because of the discrete nature of the operation only complete 
trucks can be added even if the capacity of say half a truck may have been enough. An 
advantage of using energy regeneration would be its ability to ‘stretch’ the capacity of available 
trucks to make up for a partial shortfall in truck capacity potentially delaying the acquisition of 
an additional truck for a year or more. It is the PA strategy’s expected capacity to reduce cycle 
time and minimise the number of trucks that results could enable noteworthy NPHC reductions 
as reflected in Chapters 4 to 6. However, it would in practice only be able to benefit the 
operation when the mine is under-trucked19, and the additional power and speed can be used to 
compensate for a shortfall in truck capacity. There would be no point for a truck to use all 
available power to reduce cycle time if this would only increase truck queuing time at the 
loader. An appropriate energy management system used on board trucks fitted with ERS should 
have no problem in controlling the combination of engine power and energy release rate (within 
system limits) to return the truck to the loader at just the right time. Limiting the use of power 
augmentation to satisfy practical requirements would result in a reduced impact the theoretical 
ideal reflected for the PA strategy in this research. Further research is needed to better reflect 
the practically achievable benefits when only using the re-injection strategy in accordance with 
practical demands through the life of an open-pit mine. 
8.2.5  Influence of temperature on ERS performance  
One of the advantages of EMFW is a high tolerance to a range of temperatures (Hearn, 2013) 
although integration of the motor-generator inside the vacuum enclosure would call for close 
attention to cooling demands (M.M. Flynn, 2003). In contrast, the cycle life of LFP would be 
strongly influenced by the combination of charge-discharge rates and temperatures that are too 
high or low (Wang et al., 2011). The cycle life of 4500 charge-discharge cycles used in 
                                                 
18 Carry back could result from incomplete discharge of the payload. 
19 The number of trucks are insufficient compared to the loading capacity of loading equipment. 
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Chapters 4 to 7 is based on experiments done at 23ºC (Anseán et al., 2013) on LFP cells 
charging and discharging at up to 4C. In the work of Liu, Gao, and Cao (2012) the preferable 
temperature also seems to lie between 0 and 25ºC. The LFP batteries in Ruiz et al. (2017) show 
different responses depending on the cell charging temperature and the cell discharge 
temperature. In Groot et al. (2015) the highest energy throughput over the life of an LFP cell 
is reflected for a cell that is partially charged (60%) at a rate of 4C and discharged at 4C at a 
surprisingly high temperature of about 50ºC and the lowest throughput is reflected for a cell 
charged at 3.75C to 100% and discharged at a much slower 1C rate with the cell temperature 
maintained between 21 and 28ºC. Available literature does not provide a clear perspective on 
the temperature that would enable the highest cycle life for LFP if exposed to the charge and 
discharge rate demands of the mine haul truck. There is a need to better understand the fast 
charge capabilities of LiFePO4 batteries including safety related aspects, cycle life when used 
in modules containing numerous cells, opportunities for increasing specific energy and power, 
the implications for cooling and general suitability for use on board mine haul truck. Further 
research including proper definition of the operating conditions and testing over a range of 
temperatures would be essential to ensure a realistic expectation of the LFP cycle life if charged 
at high rates and discharged at slower rates (asymmetric charging and discharging) as would 
be typical if used on board DEMHT. 
Considering the range of temperatures that may be experienced at mine sites the use of active 
temperature control (in most cases it would probably mean active cooling) to maintain an 
acceptable temperature range seems inevitable. The additional cost of such temperature control 
systems or the energy that would be required for their operation was not incorporated into 
calculations of the expected economic benefit of LFP based systems and would detract from 
the appeal of LFP based ERS. The cooling demand and operating costs will to some extent be 
influenced by the temperature to be maintained and needs to be incorporated in future 
evaluations of the economic impact of ERS. 
8.2.6  Hybrid and modular hybrid energy storage  
From the results of Chapters 3 to 6 we saw that different applications call for different solutions. 
In practice it would be preferable to, at least for a specific truck size, have a single ERS solution 
or a basic design that could be adapted or extended to enable haul cost reductions over a range 
of applications. Such a solution would among other things require high charge and discharge 
power, high storage capacity, minimal system mass, high cycle life and low through life cost. 
Such technology may become available in future, but until then the limitations of available 
technology would cause any solution to be a compromise. To increase the versatility of perhaps 
a limited number of EMFW designs, it may be possible to use a fixed design of EMFW as basis 
- perhaps lighter than the optimal EMFW based solutions identified in Chapter 5 and 6. This 
lighter design could satisfy energy capture demands for smaller elevation changes. It may be 
feasible and beneficial to expand the storage capacity by, for instance, adding LFP modules as 
elevation changes increase. A system using ultra-capacitor or lithium-ion capacitor storage as 
basis and fast charging LFP to extend its capacity may also be beneficial. Such modular hybrid 
systems may be able to improve the benefit of energy recovery in each mining application and 
enable greater versatility and adaptability to needs changing over time. It may also improve 
using the same basic system over a greater range of elevation changes and deserves further 
consideration.  
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8.2.7  Using spare energy storage capacity to boost power and productivity 
(striving toward trolley system productivity)  
The power augmentation strategy would use recovered energy to reduce cycle time and 
improve productivity. The amount of energy recovered even for mine depths where the pit 
depth and ERS is ideally matched20 would only enable an approximate 23% increase in power 
available to drive the wheel motors during the ascent. Trolley systems exploit the additional 
power capacity of the wheel motors which can be as much as 50% (Robertson, 2015) more 
than the rated engine power (also see Sections 2.1 and 4.5.1), to increase productivity of trucks. 
Having a greater amount of energy available in storage could be used to increase the power to 
the wheels enabling a greater reduction in cycle-time that may be useful when the operation 
remains under-trucked despite using the PA strategy to its full extent. The additional power 
may also be useful to make up for lost time or to compensate for truck break downs or to 
increase the production rate to meet short term strategic objectives. Increasing the production 
rate may further limit truck acquisitions and extend the usability of the PA strategy.  
ERSs that have a fixed size and storage capacity would have some spare storage capacity 
whenever the trucks are operating at depths less than the system’s design depth. This excess 
capacity could be used as temporary storage for energy from the engine or potentially a cheaper 
and cleaner source of electricity such as grid power. If an ERS is deliberately oversized, it may 
be used to store greater amounts of engine sourced energy to use in addition to the recovered 
energy to further reduce cycle time and perhaps enable reducing the size of the on-board 
generator set.  
Investigating the potential of using the ERS as temporary storage for engine sourced power 
may provide worthwhile insight to extending the use of energy recovery systems fitted on board 
diesel-electric mine haul trucks.  
8.2.8  Alternative energy usage schemes  
This thesis has not evaluated an addition energy usage schemes where the stored ERS energy 
is used to run auxiliary systems (air conditioners, cooling fans and starter motor) to enable a 
truck motor to idle at lower speed during wait times. It is suggested that this become the subject 
of future study. 
8.2.9  Logistic implication of LFP renewal  
Although the cycle life of LFP batteries is high compared to many other chemical battery 
technologies, the rate at which these batteries would be used will require regular replacement. 
The mass and amount of batteries to be recycled is expected to have significant logistic 
implications which require further consideration. 
8.2.10 Practical maintenance impact  
Power from the ERS should be able to reduce the amount of power drawn from the engine 
resulting in a reduced amount of engine hours for a given production. The stored energy may, 
depending on the energy re-injection strategy used, also result in reduced peak loading of the 
engine, reducing wear, reducing maintenance requirements, increasing the time between 
engine overalls and associated costs. Increased speeds may however also lead to increased wear 
                                                 
20 Meaning all recoverable energy is captured during descent and the total storage capacity of the ERS is ‘filled’ 
in a single descent. 
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of the truck drive line components and the truck’s suspension and frame. Holman (2006) states 
that the 10% worst loads cause more damage than the rest of impact loads. Increased speeds 
can reasonably be expected to lead to increased impact loads. An objective evaluation of the 
benefits and disadvantages perhaps informed by experience from trucks working with 
increased power and speed resulting from trolley assist systems would be advantageous and 
may enable greater accuracy in estimation of the impact on truck maintenance and repair costs. 
The design changes to the trucks would also have implications in terms of skills required and 
associated training demands with associated cost and staffing implications. Research 
considering the full implications in terms of staffing and training would be beneficial in getting 
an appropriate perspective of the broader maintenance implications of ERS.  
8.2.11 Practical considerations with respect to use of energy storage 
technologies on board MHT and in mining environment 
This research generally focussed on energy storage quantity and rate demands, energy transfer 
and conversion efficiencies, energy re-use and economic considerations to assess the likely 
benefits and implications of using ERS on board mine haul trucks. There are however several 
practical and technical considerations which did not receive much attention that could be 
critically important regarding the integration and use of each of the proposed energy storage 
technologies on board DEMHTs.  
The open pit mining environment and equipment use on board mine haul trucks comes with 
several inherent environmental and operational extremes and challenges. The more important 
of these as far as energy recovery systems are concerned are probably the range of temperatures 
to which the equipment may be exposed, the vibration and shock-loading that may be 
experienced and the intensity and duration and asymmetry of the charging and discharge 
processes. LFP and EMFW each offer different levels of tolerance/perseverance to these 
conditions. Safety is, naturally, also not negotiable.  
8.3  Concluding remarks 
The literature shows that energy regeneration is used to improve efficiency and productivity in 
a growing number of industrial applications. Despite large amounts of energy lost from the 
heavy trucks descending the depths of surface mine access ramps as part of each haul cycle, 
available literature does not provide much insight into the absence of energy storage technology 
to enable recovery and re-use of at least some of the energy normally lost.  
This thesis provides a deeper understanding of the complexity of identifying on-board ERSs 
for DEMHTs that would be technically viable, in typical mine haul truck operation, and 
economically viable over the life of surface mining projects. Despite complicating factors 
(summarised in Appendix D) including the variability of pit depth, the high specific energy and 
specific power requirements and high cycle life demands this research concludes that energy 
recovery would be technically and economically viable using systems based on current 
technologies on board DEMHT.  
As fuel price and battery cycle life increase, and cost per kWh reduces, we may be fast 
approaching conditions where net present haul costs more than 7.5% lower than that achievable 
without ERS (as reflected in Section 7.3.2) could become a reality. For EMFW, safety concerns 
and the implication of gyroscopic forces would have to be dealt with responsibly. For LFP, (or 
perhaps another promising technology that may be developed with even better characteristics), 
the logistic implications of renewal and the life cycle implications of asymmetric charging need 
to be duly considered. To assess true potential and identify the optimal solution for specific 
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mining projects necessitate using appropriate, site specific and up to date technical and 
financial information.  
(Note: In countries where equipment, labour and fuel costs are different to those used in this 
thesis, the results reported may differ substantially from those reflected in Chapters 3 to 7. The 
expected benefit should therefore be considered in the context of a well-defined mining 
scenario using relevant input parameters.)  
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APPENDICES  
APPENDIX A  - Parts of Simulation Program and Description of 
Operation 
To gain an understanding of the technical requirements of energy recovery on board a HEMHT 
and to evaluate the technical potential and, ultimately, the economic potential of alternative 
storage solutions, required progressively more input information and more complex software 
code. An abbreviated list of the stages of research as identified in Section 2.7 “Research 
Methodology” is included below to provide context for the subsequent description of how the 
software changed and grew to satisfy increasing demands. Each of the stages of research 
resulted in sets of code suited to the specific needs of that stage. 
• Technical feasibility. Assess technical feasibility and potential of competing technologies 
by comparing their respective abilities to realise a reduction in fuel used per tonne mined, 
for individual depths in a range of typical pit depths. 
• Single depth economic feasibility. Incorporating the most important haul cost expenses 
including truck cost, fuel cost and the cost of the ERS, determine whether the use of ERS 
has the potential to reduce overall haul cost per tonne mined, at individual pit depths, 
considering the first year of operation.  
• Life of mine economic feasibility. Using appropriate definitions of mining projects in 
terms of material quantities, material distribution (primarily depth) and mining schedule; 
incorporating appropriate values for financial parameters such as inflation, interest and 
discount rates; duly incorporating timing of expenses - identify preferred technology, best 
size and energy re-use strategy for an ERS that would minimise the NPC of haul operations 
if used on all trucks in a fleet over the life of a mining project. 
• Sensitivity of results to parameter variations. Evaluate sensitivity of results to variation in 
assumed parameters for proposed solution(s). 
Although the capability of the programs grew through the various stages of the research it had 
three parts at its core, namely: 1) a way of assimilating essential inputs such as truck 
characteristics, haul route characteristics and ERS characteristics; 2) code used to simulate the 
truck driving on the haul route while determining and keeping a record of speed, power demand 
(or excess), energy recovered and re-used, fuel consumed, and progress along the haul route 
and; 3) a method for presenting important output results using graphical and tabular outputs or 
storing the data to be accessed for further processing. Further processing included generating 
contour plots to better visualise results and associated dependencies. For the core simulation 
code key outputs were cycle time, fuel used per cycle, and energy stored and re-used.  
The primary inputs to the core simulation program are:  
• Truck characteristics:  
o truck empty vehicle mass (EVM),  
o payload capacity, 
o engine power with resulting maximum engine rim pull curve,  
o brake specific fuel consumption,  
o drive system efficiency,  
o rolling resistance, drag coefficient, and 
o dynamic braking system characteristics with resulting rim-pull curve. 
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• Haul route characteristics: 
o waiting time (such as when at loader or when dumping), 
o sector lengths, 
o speed limits and target speeds for each sector, 
o payload carried per sector, and  
o ramp grade per sector. 
• ERS properties including: 
o technology, 
o system mass under consideration, 
o system based specific energy (SE), 
o system based specific power (SP), 
o storage system conversion efficiency and standby loss rate for stored energy, 
and 
o system cost per kWh (not used in code of first stage research).  
(The maximum energy capture rate (or charge power), power output rate limit and 
energy storage capacity are all calculated using system mass in combination with 
SP-charging, SP-discharging and SE) 
The logic of the linear dynamic simulation program can be described as follows: In the 
simulation program the speed limits and target speeds are used as appropriate to manage the 
speed of the truck model over the haul cycle. The program determines at each time step21 
whether a speed increase or decrease of the simulated truck is required to adhere to the target 
speed (depending on the truck’s progress along the haul-route) and the power demand or excess 
is subsequently calculated. If power input is needed the program determines the magnitude and 
calculates what amount of fuel will be used in producing that power over the time increment 
“dt”. Power output is of necessity constrained within the limits set by the engine rim pull curve 
(see example curves in Section 3.2.1 Fig. 3.3). If the truck needs to be decelerated to comply 
with a lower speed limit or to stop, or needs to be restrained to avoid ‘runaway’ on a decline, 
the excess energy is determined and ‘diverted’ to the storage within the restrictions of the 
braking rim pull curve (Fig. 3.3) and the limitations of the selected storage system. Energy 
stored and re-used is duly accounted for incorporating the reduction in useable energy caused 
by inefficiencies in the various conversion and transfer processes. The Code included on the 
following three pages is a copy of the code used in one of the more important functions of the 
simulation program dealing with the linear movement of the truck.  
For Stage One of the research, the primary focus was to determine whether and to what extent 
ERS could be used to reduce fuel consumption. Cost was therefore not incorporated in the early 
code. Figure A.1 shows the inputs, structure, some basic functionality and the outputs of the 
initial code. This code did not make provision for choosing between the fuel replacement 
strategy and power augmentation strategy. The fuel replacement strategy, which only considers 
substituting engine power with energy from storage, was integral to the code used. The energy 
re-use strategy would thus reduce fuel consumption but maintain cycle times the same with or 
without energy available from storage. 
 
                                                 
21 Time increments of 0.01s are used for improved accuracy 
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"""Simulate truck driving on haul route to determine, for every time step (d_t): force required to accelerate, maintain speed 
or decelerate on flat haul or restrain truck on ramp descent. Direct inputs to function are:d_t, dist (overall length of haul 
route), s_mass (store (ERS) mass), counter, and others including haul route characteristics. FR strategy is inherent to this 
code""" 
def truck_Operating(d_t, dist, s_mass, counter):# Python function definition 
 
    t = 0.0   # Start time 
    st = 0.0  # Starting distance 
    vt = 0.0  # Initial speed 
    energy_in_store = 0.0 
    energy_from_ramp_sum = 0.0 
    F_roll_factor = 0.02  #rolling resistance factor 
 
    while st < dist :  # While the truck has not reached the end of the haul cycle 
        s_n = sector_no(st) # What is the sector number based on the distance covered 
 
        if st == 0.0 and t == 0.0: 
            delay = time_Delay_list[s_n] # It starts off with a delay resembling truck being unloaded 
            t_Delay_rtn = time_Delay(t, d_t, st, s_n, delay,) # Function call deals with fuel used while stationary 
            t = t_Delay_rtn[0]  #the time value is returned from the time_Delay function 
            st = t_Delay_rtn[1] #the distance is returned from the time_Delay function 
 
        if t > 0.0: 
            v_limit = speed_Limit_list[s_n]  # Determines speed limit from list based on sector no 
            # print ("vt", vt, "v_limit", v_limit) 
            m_truck = truck_Mass_list[s_n] 
            F_roll = F_roll_factor * m_truck * 9.81 
            F_grad = grade_Factor_list[s_n] * m_truck * 9.81   # Grade is positive (uphill) or negative downhill  
            F_aero = 0.5*(Cd*1.2*Area*vt**2)      # Cd assumed as 0.9, Area = 70.0 m^2 for large truck 
 
            rimpull_e_vt_max = rimPull_e_calc(vt)  # The maximum engine rim-pull available at the speed of the truck 
            rimpull_b_vt_max = rimPull_b_calc(vt)  # The maximum braking rim-pull (a negative value) available at the 
                                                   # speed of the truck 
            dv_req = v_limit-vt                    # The change in speed required 
            dv_dt = dv_req/d_t                     # The acceleration or deceleration required 
            F_dv_dt = m_truck * dv_dt              # The Force required to provide desired change in speed 
            F_to_move = F_roll + F_aero + F_grad   # The Force required to keep truck moving at current speed and grade 
            F_rimpull_req = F_dv_dt + F_to_move    # Sum of force required to keep the truck moving at the current speed 
                                                   # and provide the required acceleration or deceleration 
                                                   # (This may be beyond the capacity of the propulsion or braking system) 
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            if F_rimpull_req >= 0.0:               # If drive power (energy input) >= 0.0 
 
                "If Accelerating or Maintaining speed >>>> >  >   >    >" 
                if F_rimpull_req > rimpull_e_vt_max: # If the force required is greater than the engine power allows 
                   rimpull_dvt = rimpull_e_vt_max    # power is capped to engine capacity 
                else: 
                   rimpull_dvt = F_rimpull_req       # else driving force at wheel is set to match demand 
 
                w_Power_kW = rimpull_dvt * vt / 1000.0 # This is the power at the wheel in other words it is the nett 
                # power at the engine flywheel after having been reduced by all inefficiencies in drive system 
                # print "w_Power_kW_engine = ", round(w_Power_kW,2) 
                energy_in_store = store_disch(t, d_t, w_Power_kW, energy_in_store) # call to function dealing with replacing  
                                                                                     engine power with stored energy 
                print "energy_in_store_pwr", round(energy_in_store,1) 
            else :                                   # If braking (energy extraction) is required 
                "If Braking >      >    >  > >>>>" 
                if F_rimpull_req < rimpull_b_vt_max: # Determine if rim-pull required is more negative than maximum 
                                                     # braking capability 
                    rimpull_dvt = rimpull_b_vt_max 
                else: 
                    rimpull_dvt = F_rimpull_req 
 
                w_Power_kW = rimpull_dvt * vt / 1000.0 
                # print "w_Power_kW_Brake = ", round(w_Power_kW,2) 
                energy_in_store = store_chg(t, d_t, abs(w_Power_kW), energy_in_store) 
                if s_mass == 0.0 and grade_Factor_list[s_n] < 0.0: # If there is no ERS and the truck is on negative grade 
                    energy_from_ramp_sum = energy_from_ramp_func(t, d_t, abs(w_Power_kW), energy_from_ramp_sum) 
 
            print "rimpull_e_vt_max", rimpull_e_vt_max, "dv_dt", dv_dt, "F_dv_dt", F_dv_dt,"F_to_move",F_to_move, \ 
                "F_rimpull_req", F_rimpull_req, "rimpull_dvt", rimpull_dvt 
 
            t_list.append(t) 
            st_list.append(st) 
            vt_list.append(vt) 
            sector_no_list.append(s_n) 
            rimpull_list.append(rimpull_dvt) 
            w_Power_kW_list.append(w_Power_kW) 
            energy_in_store_list.append(energy_in_store) 
 
            nett_F = rimpull_dvt - F_to_move 
            a_truck = nett_F / m_truck              # truck acceleration/deceleration 
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            d_vt = a_truck * d_t              # change in truck speed during time increment d_t 
            vt_next = vt + d_vt              # truck speed at end of time increment d_t 
 
            t = t + d_t 
            st = st + (vt + vt_next) / 2 * d_t    # progress along haul route 
            vt = vt_next 
 
        """print instructions to monitor progress and assist with fault finding""" 
        # print "len(t_list)",len(t_list), "len(energy_in_store_list)",len(energy_in_store_list), \ 
        #   "len(w_Power_kW_list)", len(w_Power_kW_list) 
 
        # print "energy_in_store_list",energy_in_store_list 
        # time.sleep(0.5) 
 
        # print "2.", "s_n", s_n+1, " st = ",round(st,2), "t=", t, "vt =",vt, "rim_pull",rimpull_dvt, "w_Power_kW", 
        #    w_Power_kW, "F_to_move",F_to_move, "nett_F",nett_F, "a_truck",a_truck, "vt_next = ",vt_next, "m_truck",m_truck 
 
    energy_stored_list.append(round(energy_accumulat_kJ,1)) 
    energy_peak_list.append(round(energy_peak_kJ,1)) 
    w_Power_lol.append(w_Power_kW_list) 
    e_in_store_lol.append(energy_in_store_list) 
    fuel_used_list.append(round(fuel_used_g/1000.0,2)) 
    g_per_tonne_hauled = fuel_used_g /(std_payload - store_mass/1000.0) # fuel used per tonne hauled  
    g_per_tonne_hauled_list.append(round(g_per_tonne_hauled,1)) 
    # print "w_Power_lol", w_Power_lol 
    # print "e_in_store_lol", e_in_store_lol 
    print "energy_from_ramp_sum", energy_from_ramp_sum 
 
    plot1 = 1 
    if plot1 == 1: 
        plot_graphs_1(s_mass,counter)        # function call to plot various graphs 
 
    return 
Code. Copy of function simulating truck driving along haul cycle and striving to maintain speed limits 
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Figure A.1 Structure of core simulation code used for Chapter 3 showing some functionality  
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To evaluate single depth economic feasibility in Stage Two of the research the code had to 
incorporate the most important haul costs, including: truck cost, fuel cost, the cost of the ERS, 
driver cost, tyre wear rate and cost as well as the cost of labour, maintenance and repair (see 
Fig. A.2). The core simulation code was still needed to simulate the truck completing every 
haul cycle under consideration. However, the option of choosing between the two energy re-
injection strategies had to be incorporated. If the fuel replacement (FR) strategy is selected, the 
simulation code determines the amount of engine power that would be available at the wheel 
and then, with due consideration of system constraints and relevant parameters, determine the 
amount of stored energy that could be used to replace engine power while maintaining the same 
power at the wheels. For the FR strategy, cycle times would be the same as without ERS as 
indicated in Chapter 4. If the power augmentation (PA) strategy is selected, the simulation code 
would determine whether there is a shortfall between the target speed and the maximum 
achievable speed using the available engine power. The code would then aim for the truck to 
reach the maximum speed by augmenting engine power from stored energy. For both strategies 
the code uses bisection to calculate and manage the energy release rate such that, within system 
constraints, there would be a gradual and even release of stored energy over the length of the 
ascent ramp. It also needed the ability to capture output information such as haul cost 
(expressed as fraction of the cost expected using standard trucks) as a function of system mass 
and bench depth. The large number of combinations resulting from the evaluation of different 
technologies, ERS mass and bench depths results in a significant amount of data. This data was 
saved using appropriate labelling and formatting to ease subsequent retrieval. Separate code  
  
Figure A.2 Primary inputs, simulation code, required calculations and visualisation approach 
used for Chapter 4 
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was generated employing the strength of the Python library, “Pandas”, to retrieve the data from 
the storage files, and to generate the very informative contour plots shown in Chapter 4. 
Different contour plots were generated for different technologies and energy use strategies. 
To evaluate life of mine implications in Stage Three of the research, versions of the program 
used for Chapters 5 and 6 needed the ability to import project related information. This 
information must provide a clear description of the haul route definitions at various times in 
the project, the amount of material to be hauled along each haul route, and the sequencing 
thereof. New code also incorporated models for the calculation of the NPHC based on the same 
expense types as used for Chapter 4. Additional code was needed to incorporate the time value 
of money and the full implications of economic parameters for projects lasting many years. 
The calculation of NPHC for the different mining projects was approached using the four 
analysis stages described in Section 5.3.6 and shown in diagrammatic form in Fig. A.3.  
 
Figure A.3 The four life-of-mine analysis stages used to determine the net present haul costs 
for each mining project as required for Chapters 5 and 6 
The programs used in Stage Four of the research (see block diagram in Fig. A.4) to assess the 
influence of parameter variations was very similar to that used for Chapter 5 and 6 except that, 
for each of the projects, the most promising technology and preferred ERS mass was 
preselected. For Chapter 7 parameter variations used as input to LoM Analysis Stage 2 included 
ramp grade, rolling resistance, wheel to DC-link recovery efficiency and storage return 
efficiency. Variation in system mass resulting from variation of SE and SP as well as 
undersizing and oversizing of the system, was also considered. All of these parameters 
influence truck operation with implications for the LoM Analysis Stage 2 outputs including: 
cycle time, fuel use, and amount of energy captured and re-used. Cycle time strongly influences 
fleet sizing that is calculated as part of LoM Analysis Stage 3.  
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A second group of parameters does not influence truck operation and does not therefore require 
recalculation of baseline values determined as part of LoM Analysis Stage 3. Evaluating the 
sensitivity of cost of mine haul operations to variations in fuel price, tyre cost, truck unit price, 
driver salary, labour, maintenance and repair (LMR), ERS cost per kWh and ERS cycle life is 
therefore much simpler. Only recalculating the outputs of LoM Analysis Stage 4 is necessary. 
For a more comprehensive discussion the reader is referred to Chapter 7. 
 
Figure A.4 The four life-of-mine analysis stages showing, in italics, the parameters that were 
varied in the sensitivity studies reflected in Chapter 7. Each of the applicable parameters was 
varied in-turn while others were kept constant. The NPHC calculated was recorded and used 
to generate the graphs for both projects and energy re-injection strategies  
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APPENDIX B  - Haul System Characteristics, Modelling and Use 
in Simulation Program  
B.1 Truck characteristics and modelling  
Several aspects of modelling of haul trucks are covered in the work of Sandberg (2001) and, 
specifically relating to modelling of mine haul trucks, in Ghojel (1993) and Parreira (2013). 
Definition of the haul truck characteristics used in the simulation program was based on 
insights gained from a number of sources including truck brochures such as Caterpillar (2013); 
Komatsu (2008); Liebherr (2009, 2014) and Hitachi (2016), reports such as Moore (2011); 
(Moore, 2014) and Cowan (2005), and specialist literature such as Caterpillar (2015), 
Humphrey and Wagner (2011), Siemens (2009) and Mazumdar et al. (2010). The assumptions 
as relevant are identified as required in Chapters 3 to 6 discussing the simulation approach and 
model definitions. 
In this research fuel consumption is based on an efficiency level which is independent of the 
speed and power output of the diesel generator, the wheel motors or storage system. In 
Chapter 3 fuel consumption is calculated based on an assumed brake specific fuel consumption 
(BSFC) value of 210 g/kWh and assumed constant efficiency values for other system 
components. In Chapter 4 an average BSFC is calculated using OEM data (Caterpillar, 2013, 
2015). The calculated value (205.7 g/kWh) is used in Chapter 4 and subsequent chapters. Using 
a fixed BSFC to calculate fuel consumed is not as detailed as the approach followed by some 
researchers in the assessment of hybrid drive configurations which may use variable BSFC 
(depending on engine load and speed) and tend to incorporate the efficiency levels of various 
components as a function of the instantaneous input or output power such as in 
Delagrammatikas, Assanis, Filipi, Papalambros, and Michelena (2000); Egardt, Murgovski, 
Pourabdollah, and Mardh (2014) and Ott et al. (2013). By incorporating detailed information 
of the efficiencies of components, researchers can identify opportunities in energy management 
that are not obvious or visible using a simplistic modelling approach. The approach followed 
by these researchers also more accurately captures low efficiency levels associated with 
operation well outside the optimal design range such as batteries being charged at very high 
rates or electric motors and diesel engines operating at very high or very low speeds and loads. 
A lack of access to such a detailed level of OEM data limited our analysis in this regard (see 
related notes on future research in Section 8.2.1). 
The truck model does not incorporate the inertia of rotating elements and the impact it has on 
the vehicle dynamics and energy flows. Although not functionally accurate it is unlikely to 
have a significant impact and if incorporated would be difficult to model accurately without 
OEM data. In the work of Ghojel (1993) the inertia of rotating elements was also excluded.  
B.1.1  Truck drive power requirements  
There are essentially three external forces that impact the force required to keep a truck moving 
forward. These are rolling resistance (RR), grade resistance (GR) and aerodynamic resistance 
(Guzzella & Sciarretta, 2013, p. 14). Caterpillar (2015, p. 28-5) states that experience has 
shown minimum rolling resistance to be 1%-1.5% of the trucks weight and that a base 
resistance value of 2% is often used for truck performance. Since tyre penetration into haul 
road surface causes additional resistance the formula provided also allows for this: 
 RR = 2% of GMW + 0.6% of GMW per cm tyre penetration [N] (B1.1) 
GMW is defined as gross machine weight in newton [N].  
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Grade resistance is the force that must be overcome to move a machine or truck uphill (against 
an adverse grade). The grade is typically also expressed as a percentage calculated using the 
vertical rise over horizontal distance (rise over run).  According to Caterpillar (2015) a 
favourable grade (downhill) is usually expressed as negative (-) and unfavourable grade 
(uphill) as positive (+) and Grade Resistance [GR] can be calculated using the formula: 
 GR = 1% of GMW * % grade [in N].  (B1.2) 
Effective Grade is a term often encountered when viewing the rim pull curves included in mine 
truck product brochures and is the sum of the rolling resistance and grade resistance: 
 Effective Grade = RR[%] + GR[%] (B1.3) 
 Effective Resistance = Effective Grade * GMW [N] (B1.4) 
The effect of aerodynamic resistance is typically neglected from effective resistance although 
authors such as Parreira (2013) include the influence of wind and its associated direction in her 
analyses. In relation to on highway trucks Caterpillar (2015, pp. 12-20) states that aerodynamic 
resistance only becomes significant above 30 MPH (48 km/h) and above 65 MPH (104 km/h) 
it can be the largest single load. Since much of the mine truck’s operation is limited to about 
30 km/h it is not expected to make a significant contribution in the operation of the mine truck. 
Even though calculations by the present author bore this out it has been included in the model 
to improve accuracy and maintain a conservative approach. In applications experiencing high 
wind speeds in directions contrary to the direction of travel resulting in relative wind speeds 
higher than about 48 km/h it may be worth considering.  
The combinations of rolling resistance, grade and haul speed typically used are 2%, 10% and 
30 km/h respectively. The combination of an average of 10% as the optimum grade and 2% 
rolling resistance is reflected in Thompson (2011, p. 961). In Fiscor (2013) the same values are 
reflected as having been used as guiding values in the design of the drive system for the Belaz 
75710 truck and Parreira (2013) also uses these values in her evaluation of autonomous trucks. 
The author therefore considered it appropriate as a basis in the haul road definition and force 
calculations in the simulation model to assess the potential benefit of ERS.  
B.1.2  Truck drive system efficiency  
For this research a representative value for drive system efficiency is important as it influences 
the accuracy of fuel consumption calculations as well as the effect of re-use of stored energy. 
Hofman (2007) states that the topology determines where the energy losses occur during energy 
exchange between the energy sources. Since, for this research, the truck drive system is 
accepted as a series configuration (as explained in Section 2.6), it implies energy losses in 
several locations or energy conversion stages. These include;  
• the chemical (fuel) to mechanical power (torque and rotational speed) taking place in 
the internal combustion engine;  
• mechanical to electrical power generation taking place in the alternator and AC to DC 
current rectifying hardware; 
• transmission of the electrical power over cabling of the DC-link; 
• conversion from DC to AC in the vector drive inverters; 
• transmission losses in the inverter-to-motor power cables; 
• mechanical and electrical losses in the electrical in-wheel motors, and  
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• mechanical  losses  in  the  planetary  gears  and  bearings  between  the  motors  and  drive
wheels.
Efficiency of the diesel-electric drive system is given as 78-80% by Caterpillar (2015) and 85% 
by Siemens  (2009).  In Mazumdar  et  al.  (2010) a  value  of  85.8%  is  used  for  the  power 
conversion  and  transmission  efficiency  between  engine-flywheel  and  ground  therefore 
including  alternator,  rectification,  DC  transmission  losses,  DC-AC  conversion  losses,  AC 
transmission losses, motor losses and mechanical losses in the in-wheel planetary gear system. 
The values in Caterpillar (2015) are calculated relative to the gross power output of the engine 
with the implication that power expended on auxiliary systems is implied as an inefficiency of 
the  drive  system  in addition  to  those  reflected  by  Mazumdar  et  al..  The  figure  provided  by 
Siemens is based only on the inefficiencies in energy conversion between the DC-link (thus 
after alternator and rectification) and drive wheels. Using the rim pull curves of the CAT 795F 
AC (Caterpillar, 2013), and other trucks suggest that if the power used for auxiliary systems
(around 146-164 kW depending on the truck and size) is excluded from the calculation typical 
efficiency values including the  generator is 83%  or better.  If the  generator is assumed to be 
95% efficient, a DC-link to wheel conversion efficiency better than 85% is implied.
Assuming  a  slightly  conservative  conversion  efficiency  of  energy  from  the DC-link  to  the 
wheel motors would affect both the energy conversion from the engine as well as the energy 
storage device (ESD). Based on the preceding calculations an assumed efficiency of 85% was
used in this research.
B.1 .3 Truc k pa y lo a d a nd the pa y lo a d p o li cy
Since  natural  variations  occur  in  material  density,  fill  factors,  and  loading  equipment  the 
various  truck  manufacturers  each  has  a  loading  policy  which  provides  guidance  on the 
preferred  loading  as  well  as  the  limits  in  terms  of  occasional  overload.  This  is  for  example 
explained in Caterpillar (2015) and the truck brochures for the Komatsu 960E (Komatsu, 2008)
and  Hitachi EH4000AC-3 (Hitachi,  2014) trucks.  It  is  typically  referred  to  as  the  10-10-20 
Load Policy. The criteria set out is presented in graphical form in Fig. B.1.3.1 and explained 
in the text below:  
1) 90% of all loads must be below 110% of 
the rated payload of the truck 
2) 10% of all loads may be between 110% 
and 120% of the rated payload of the truck 
3) No single payload may exceed 120% of 
the rated payload of the truck  
4) The average monthly payload must not 
exceed the rated payload of the truck 
 
The strict payload policy highlights the 
truck’s sensitivity to loading implying that for the same design any additional mass as needed 
for the ERS will have to be subtracted from the payload. Reducing payload would affect 
productivity and is therefore highly undesirable. 
 
Figure B.1.3.1 Payload Policy (Hitachi, 2014) 
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B.2 Mine and haul route characteristics and changes over time  
The haul cycle used for simulation is a simple cycle making provision for unloading to take 
place outside the pit, the truck driving towards the entry ramp while adhering to different speed 
limits, driving down the ramp of given gradient while limited to 30 km/h, driving to the loading 
point and returning to the starting point in a loaded condition. The loading condition as required 
over different stages of the haul route is also incorporated in haul information. For life of mine 
analyses included in Chapters 5 and 6 the haul cycle definition was changed to include a second 
ramp as appropriate for hauling waste onto the waste pile. 
B.3 Energy recovery system characteristics, assumptions and 
modelling  
Energy storage device (ESD) technologies use a variety of ways to store energy and may be 
expected to have varying efficiencies. The high efficiency of chemical storage used in lithium 
ion batteries (Akinyele & Rayudu, 2014) is one of its attractive features. Depending on the 
charge or discharge rate a small amount of energy is lost in the chemical conversion process 
but once converted the standby losses are very low. For EMFW some energy is lost in the 
conversion from electrical to kinetic energy and then, due to the continuous rotation, friction 
and windage losses cause relatively high standby losses compared to other technologies. The 
loss rate is highly dependent on the quality of bearings (which may be magnetic bearings or 
high-quality roller bearings) and quality of vacuum in which the rotor is turning. In this research 
the standby loss rate used for the EMFW is conservatively assumed to be 30% of the stored 
energy per hour. Such a high loss rate is associated with lower technology bearings as reflected 
and reported on in Hearn et al. (2007). The standby loss rate for lithium ion batteries, electric 
double layer capacitor and lithium-ion capacitor technologies is assumed to be negligible. 
Chapter 3 and Section 3.3 in particular explores the specific characteristics of various ESD 
technologies and it provides insight to the implications for use on board DEMHTs. 
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APPENDIX C  - Flywheel Based Energy Storage Systems  
C.1  Flywheel development and design requirements  
As stated in Chapter 3, flywheels are attractive for applications where a long service life with 
frequent charge-discharge cycles at high power are some of the key drivers of the design 
solution. A significant amount of research has been done on the topic of flywheels as energy 
storage devices. One of the more useful papers (with respect to this research) was found to be 
that by Hearn et al. (2007) (from CEM UTA)22. The authors reflect on the design requirements 
of an electro-mechanical flywheel energy storage optimisation for a fuel cell powered hybrid 
bus. In this paper many of the design challenges that must be dealt with in flywheel design for 
a mobile application is highlighted and discussed and the chosen design solution described. 
Another informative paper is that by Herbst et al. (2005) (also from CEM UTA) who discusses 
similar design aspects but for a much larger flywheel (130 kWh and 2000 kW). This paper 
amongst others highlights the fact that outer rings of composite flywheel experience greater 
centrifugal forces than inner rings and as a result also higher stresses than inner rings. This 
needs to be dealt with in an appropriate manner to ensure balanced stresses when running at 
full speed. The paper identifies and explains two techniques used to ensure appropriate stress 
distributions in the final design. It also discusses the use of magnetic bearings and the 
requirement of backup or touchdown bearing as needed in case of failure of the magnetic 
bearings. The complications caused by shaft whirl when ‘touching down’ at high speeds are 
discussed and so is the design of a high-speed motor forming part of the flywheel and the 
unique requirements of the ‘power conditioning system’ or inverter. The information from 
Crosse (2009) although not academic in nature and focussed on smaller flywheel designs 
highlights exceptionally high speeds as well as some ingenious design solutions in the research 
and design work done at Ricardo plc.    
The flywheel has some inherent features which have to be dealt with appropriately in order for 
it to have any chance of successful and safe operation but it also has some very useful 
characteristics which are hard if not impossible to match using the majority of alternative 
energy storage technologies. Hearn et al. (2007) highlights aspects such as high reliability, high 
cycle life, reduced ambient temperature concerns and construction free of environmentally 
harmful materials. Crosse (2009) adds versatility and high energy applications to the list.  
Some of the most significant complicating factors when working with flywheels are that to 
have high energy densities and high specific energy the rotor must be able to rotate at speeds 
as high as that of turbo machinery. The resulting high moments of inertia can cause significant 
gyroscopic effects which complicate use in mobile applications. The consequences can to an 
extent be alleviated by mounting the flywheel’s axis of rotation in a vertical orientation. In this 
orientation the gyroscopic effect is not initiated when turning on level ground, but it does not 
avoid the gyroscopic effect when the vehicle pitches or rolls. Both rotations tend to tilt the axis 
of the flywheel with the gyroscopic action attempting to resist that motion. This causes 
reactions in the structure and increased bearing loads demanding appropriate design and 
possibly the use of a gimbal arrangement as can be seen in Fig. C.1.1.  Mounting the flywheel 
assembly on a gimbal allows pitching and rolling of the vehicle without transferring rotational 
moments to the flywheel allowing the axis to remain in an upright orientation.  
                                                 
22 CEM UTA -The Centre for Electro Mechanics at University of Texas at Austin 
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Other negative aspects are the inherent danger associated with the flywheel spinning at great 
speed and the potentially catastrophic failure due to over speed, fatigue, material flaws, bearing 
failure or inadequate design. This necessitates a deep understanding of design requirements 
and detailed attention to all design aspects, the use of high-quality materials and excellent 
control over manufacturing processes. When used in mobile applications or in proximity of 
humans a safety enclosure capable of containing a high speed failure is considered essential 
(Herbst et al., 2005, p. 4). Such an enclosure may weigh more than the flywheel and gimbal 
assembly. In the design of Hearn et al. (2007) the enclosure adds 235 kg to the 155 kg of the 
flywheel assembly.  
Flywheels are also exposed to several losses making them less than ideal for longer term energy 
storage. The level of inefficiency is not considered to be highly influential in the mine haul 
application as the delay between recovery and re-use will seldom be an extended period. The 
main causes of energy losses are friction between the flywheel and the surrounding air or gas, 
as well as bearing friction. These can respectively be avoided or reduced by operating in a 
vacuum and by using magnetic bearings. In the case of composite flywheels the vacuum also 
eliminates heat build-up due to friction, thereby avoiding delamination and subsequent 
destruction of the flywheel (Crosse, 2009). Using a vacuum and magnetic bearings would 
naturally cause additional design challenges and potentially added mass, but can be used to 
successfully address the identified challenges (Herbst et al., 2005). Through appropriate design 
of the flywheel system, avoiding drive shafts penetrating the sealed enclosure, Ricardo was 
able to obviate the requirement for a vacuum pump installation. Initially a maintenance 
requirement may be to draw off moisture and vapours emitted from the composite used to 
produce the high-speed flywheel.  
For bearings Ricardo uses a design making use of ceramic balls and steel races claimed to last 
the “life of the system” which is unfortunately rather vague. However, it at least suggests that 
 
Figure C.1.1 Complete flywheel energy storage system (From: Hearn et al. (2007, 
Fig. 10)) 
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there are functional alternatives to the complexity of magnetic bearings. One of the arguments 
against the use of magnetic bearings are that there still exists a requirement for back-up 
bearings needed in case the magnetic bearings malfunction (Herbst et al., 2005) (Hearn et al., 
2007, p. 3). Hearn et al. (2007) also states that the use of rolling element ball bearings reduces 
the amount of energy that can be stored due to a reduction in the rotational speed. Despite using 
rolling element bearings Ricardo claims (Crosse, 2009) that their flywheels can run at up to 60 
000 rpm and outer surface speeds approaching Mach 2. The idea of using passive magnetic 
support to alleviate the load on the bearings is also put forward (Hearn et al., 2007, p. 3).  
On the positive side modern renditions of flywheels can be driven by a selection of devices 
(e.g. IC engines, hydraulic motor/pump assemblies or an external or integrated electric 
motor/generator see Fig. C.1.1) the size of which can be selected relatively independent of the 
energy storage capacity of the flywheel mass. While the rotational mass of the flywheel and its 
associated maximum speed predetermines the amount of energy that can be stored, the drive 
motor, can be chosen or designed for a rather large range of power in and output. The motor 
must however, be able to maintain the same rotational speed and satisfy torque requirements 
at all operational speeds. This provides a relative independence between the energy transfer 
rate (i.e. power rating) and energy storage capacity which is difficult to match using other 
energy storage technologies.  
A somewhat troubling aspect of the specific power and specific energy values quoted in 
literature is that it is often hard if not impossible to determine the basis of the calculation and 
hence to get reliable values reflecting the true specific power and specific energy as installed 
on a vehicle. This observation was not limited to flywheels but also for many of the battery 
technologies as well as ultra-capacitors. Hearn et al. (2007) provides values for the weights as 
well as the total volume of the associated equipment that can be used to evaluate system-based 
implications. Only considering the mass of the rotating part of the flywheel (including motor) 
the gimbal and associated structure the mass is 155 kg. Another 235 kg is added by the 
containment housing. The proportion of mass of inverters controllers, cooling equipment, 
vacuum pump, associated with each of two flywheels required for their design adds another 40 
kg giving a total mass of 430 kg for each flywheel. Being capable of 120 kW output each and 
energy storage of 1247 Wh each gives a specific power of 279 W/kg and specific energy of 
only 2.9 Wh/kg. If excluding the mass of the containment, specific power of 615 W/kg and 
specific energy of 6.4 Wh/kg is calculated. Although using flywheel technology without 
containment may almost be inconceivable the technology may in future reach such levels of 
safety and reliability that it would not be considered necessary. 
Fabien (2007, p. 516) presents specific energy values for a composite flywheel, presumably 
based on the mass of the flywheel rotor only, that are between 106 to 168 Wh/kg depending on 
the failure criteria used to determine the maximum speed. Whilst the first value (2.9 Wh/kg) is 
comparable with that of ultra-capacitors the 106 to 168 Wh/kg is in the league of chemical 
battery storage. This makes it hard to get a reliable estimate or trend of the values that can be 
expected for a specific flywheel design. This is a very important consideration for this research 
because the comparison of storage technologies for the mine haul truck application is very 
dependent on the mass of the final installation. Discussion with staff from UTA CEM affirmed 
that a specific energy estimate of about 10 Wh/kg is a reasonable value. 
C.2  Flywheel system efficiency  
The efficiency of mechanical flywheels can be expected to be higher than that of electro-
mechanical flywheels since there are more stages of energy conversion in the latter. However, 
the technical challenges foreseen in incorporating a mechanical drive system on board mine 
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haul trucks excluded them from this research. If an electro-mechanical flywheel system is used 
to capture - and then release - the energy from a moving vehicle, four power conversion stages 
are typically required. These include a mechanical- (from the vehicle) to electrical- (through 
generator, power transfer and frequency modulation and the motor/generator driving flywheel) 
back to mechanical- (flywheel rotor) conversion stages between the vehicle and flywheel. The 
electrical intermediate stage would typically include an AC to DC to AC conversion (Herbst et 
al., 2005) to accommodate the differences in vehicle speed and flywheel speed. The high speed 
at which flywheels rotate can result in surface speeds as high as Mach 2. If there is air or gas 
present in the flywheel enclosure, substantial frictional losses may result. The article by Crosse 
(2009) mentions that the friction resulting from air being present would cause the carbon fibre 
of the rotor to overheat and delaminate. Operation in a high-quality vacuum is therefore 
essential to maintain structural integrity as well as to minimise parasitic losses. Post, Fowler, 
and Post (1993) indicates vacuum levels as low as 10-5 Torr (0.0013 Pa) being used.  
In Beacon Power (2014a) Flywheel return energy efficiency values are quoted 85% as. The 
energy conversion considered includes two power conversion processes on each of the storage 
and return stages (Beacon Power, 2014b). However, on the mine haul truck one of these power 
conversions will be avoided from the DC link to the flywheel storage so a higher DC-link to 
EMFW to DC-link return efficiency is expected. In view of this simplification it may be able 
to reach the efficiency levels suggested by Hebner et al. (2002, p. A-37) as “Typically 90% to 
95%...”. Herbst et al. (2005) quotes a value of 93.7% but losses due to power electronics is 
excluded from the calculation.   
C.3  Motor-generator technology  
The success of the flywheel as energy storage device is inherently dependent on the availability 
of suitable motor/generator technology. Due to the drive system on these trucks being electrical 
both motor and generator technology forms an important part of their design. From available 
literature it is evident that associated technology has developed at an incredible rate in recent 
years. Looking at the typical power-to-mass ratios of industrial motors from Siemens, ABB, 
Toshiba and several other manufacturers, specific power values of between 160 and a little 
more than 200 W/kg are typical. Considering the high power demanded to capture energy at 
the rate at which it is recovered to the trucks DC-link, using a motor having such a low specific 
power to drive the flywheel will lead to an exceptionally heavy arrangement.  
Information available for the Toyota Prius suggests that, although relatively small, motors with 
a specific power of 2.5 kW/kg and generators at 3.6 kW/kg are already in mass production. In 
the development of the McLaren P1 the decision to use hybrid technology could only be made 
if motors with suitable energy density were available according to Parry-Williams as quoted 
by O'Brien (2013). The ability to use hybrid technology became possible as a result of 
technology development associated with the use of kinetic energy recovery (KERS) in F1, 
where the specific power of motors was said to have “shot up from 1-1.5 kW/kg to 10-
12kW/kg”.  
Permanent magnet synchronous motor technology is one of the leading solutions (Vadaszffy, 
2015) and is claimed to provide considerable torque and speed in a small package which most 
often result in savings in space and weight. The UK company ‘YASA motors’ claims to have 
motors based on ‘Yokeless and Segmented Armature’ technology that are capable of specific 
power of 10 kW/kg (Yasa_Technology, 2015) (Vadaszffy, 2015, p. 153). (Two standard 
products are available. The YASA-750 which can develop 400 Nm continuous and up to 
790 Nm peak. It has a speed range of 0 to 3250 rpm, continuous power of 75 kW and weighs 
only 33 kg giving it specific power value of 2.27 kW/kg. The YASA-400 can develop 250 Nm 
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continuous and up to 400 Nm peak. It has a speed range of 0 to 7500 rpm and continuous power 
of 85 kW while weighing only 24 kg (giving a specific power of 3.54 kW/kg). These specific 
power figures are not quite the values claimed elsewhere but the peak power for YASA 750 
can be as high as 200 kW and for YASA 400 as high as165 kW giving specific power of 6.06 
kW/kg and 6.88 kW/kg respectively).  
Siemens developed a motor intended for air craft applications which weighs only 50 kg but is 
capable of continuously producing 260 kW at a speed of 2500 rpm (Siemens AG, 2015) 
implying a high specific power of more than 5kW/kg.  
The values quoted for the various motors may not be able to give a true perspective of the 
characteristics that could be achieved with motors incorporated in flywheel designs, but it does 
provide some tangible values of existing technology which may be able to contribute to the 
potential feasibility of flywheel-based energy storage. 
If we consider the 840.5kW capture rate required for the smaller truck considered in Chapter 6 
and assume a specific power of only 2.0 kW/kg for the motor/generator forming part of the 
EMFW the mass for that part might be around 420 kg but it will depend on the flywheel design, 
speed range and torque requirements.  
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APPENDIX D  - Characteristics Complicating Implementation of 
ERSs on board Diesel-electric Mine Haul Trucks  
Characteristics that complicate the implementation and limit the potential benefits of energy 
recovery on board diesel-electric mine haul trucks identified in this research can be summarised 
as:  
• the high rate of energy release from the trucks’ dynamic brake systems when 
descending pit ramps,  
• the large amount of recoverable energy (implying large, heavy and expensive energy 
storage facilities) associated with great elevation changes, 
• the limitations in specific energy and specific power of available energy storage 
technologies leading to it significantly impacting on truck payload,  
• the fluctuation in elevation changes among haul cycles changing the storage 
requirement and ideal system sizing,  
• the relatively short cycle-life of chemical batteries when compared to the number of 
haul cycles executed by mine haul trucks over their service lives,  
• the cost of energy recovery technology despite dramatic reductions in the cost of 
particularly lithium-ion battery technologies over the last decade, as well as  
• the fact that the choice of energy recovery system (ERS) cannot only be based on 
technical capability, direct costs and fuel consumption reduction, but needs to be 
considered in a life-of-mine context which is influenced by parameters such as inflation 
rates, discount rate, project duration and the timing of expenditures. 
